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Abstract

Background The association between exposure to environmental metals and chronic obstructive pulmonary disease
(COPD) is preventing chronic lung diseases. However, little is currently known about the interaction between heavy
metals and flavonoids in relation to the risk of COPD. This study aims to bridge this knowledge gap by leveraging

The National Health and Nutrition Examination Survey (NHANES) database to evaluate thecorrelation between blood
levels of heavy metals (cadmium, lead, mercury) and the intake of various flavonoid compounds (isoflavones, antho-
cyanidins, flavan-3-ols, flavanones, flavones, flavonols, total flavonoids). Additionally, appropriate dietary recommen-
dations are provided based on the study findings.

Materials and methods Cross-sectional analysis was conducted using the 2007-2010 and 2017-2018 NHANES data.
Specialized weighted complex survey design analysis software was used for data analysis. Multivariate logistic regres-
sion models and restricted cubic splines (RCS) were used to evaluate the relationship between blood heavy metal
levels, flavonoids intake, and COPD incidence in all participants, and to explore the effect of different levels of flavo-
noids intake on COPD caused by heavy metal exposure.

Results A total of 7,265 adults aged > 40 years were analyzed. Higher levels of blood cadmium (Cd), blood lead

and Anthocyanidin (AC) intake were independently associated with an increased risk of COPD (Cd highest quantile vs.
lowest: OR=1.73,95% Cl, 1.25-2.3; Lead highest quantile vs. lowest quantile: OR=1.44, 95% Cl, 1.11-1.86; AC highest
quantile vs. lowest: OR=0.73, 95% Cl, 0.54-0.99). When AC intake exceeded 11.56 mg/d, the effect of Cd exposure

on COPD incidence decreased by 27%, and this finding was more significant in smokers.

Conclusion Higher levels of Cd (=0.45ug/L) and lead (=0.172 ug/L) were positively correlated with the risk of COPD
among participants aged 40 years and above, while AC intake (= 11.56 mg/d) could reduce the risk related to blood
Cd.
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Introduction

Chronic obstructive pulmonary disease (COPD) is an
inflammatory disease that obstructs lung airflow, lead-
ing to breathing difficulties [1]. COPD has become the
third leading cause of death worldwide, imposing a sig-
nificant economic burden, particularly in low- and mid-
dle-income countries (LMIC), where the mortality rate
exceeds 80% [2, 3]. In addition to smoking, environmen-
tal and occupational factors such as exposure to smoke
from biomass fuel combustion and high levels of air
pollution should not be overlooked in the development
of COPD. It is now understood that COPD primarily
results from long-term airway inflammation and oxida-
tive stress, leading to pulmonary alveolar destruction and
increased activity of elastolytic enzymes. Consequently,
airway remodeling occurs, leading to irreversible lung
function impairment [4].

The past decade has witnessed significant industrial
advances leading to an increase in the proportion of the
global disease burden attributed to environmental fac-
tors, reaching 24%,which is reportedly even higher in
developing countries [5], heavy metal pollution accounts
for a substantial proportion. Heavy metals are metals
with a density greater than 5 g-cm™, with have signifi-
cant biological toxicity and are widely distributed in the
environment, including soil, water, air, dust, the human
food chain, and manufactured products. Smoking and
individuals working in heavy industries are vulnerable
to heavy metal exposure [6], and these factors are closely
associated with chronic airway inflammation and oxida-
tive stress. These harmful heavy metals adversely affect
antioxidant enzymes, especially superoxide dismutase
and catalase, hastening the deterioration of collagen and
elastin proteins. This process damages the lung’s cellular
barrier function, leading to emphysema [7, 8]. Simultane-
ously, heavy metals also have the ability to induce reactive
oxygen species by stimulating polymorphonuclear leuko-
cytes and phagocytes, triggering chronic inflammatory
responses that harm lung tissues. Over time, these dam-
ages contribute to the development of COPD. Currently,
traditional chelating agents used to mitigate heavy metal
toxicity still face certain issues. These issues manifest as
unavoidable neurotoxicity and the loss of essential metals
needed by normal individuals [9]. Furthermore, research
on “detoxifier” for heavy metals in relation to COPD is
extremely scarce [10]. Therefore, there is an urgent need
to seek practical and feasible solutions.

Currently, mitigating the hazards associated with
COPD-related risk factors is considered more urgent
than treating COPD itself [11]. For instance, numer-
ous studies are exploring new strategies to mitigate the
increased risk of COPD due to smoking by improving
dietary habits [12, 13]. Among these efforts, research on
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dietary polyphenols has garnered significant attention
from scholars. Flavonoids represent the most important
type of polyphenolic compounds, accounting for 60%
of total dietary polyphenols, widely present in common
fruits, vegetables, tea, soybeans, grains, and processed
foods. According to their structure, they can be divided
into six subcategories, including isoflavones, Anthocya-
nidins (AC), flavan-3-ols, flavanones, and flavonols [14].
It is known that flavonoids, which possess antioxidant
and anti-inflammatory capabilities, can act as natural
dietary agents and inhibitors to counteract the harmful
effects of heavy metal exposure [15]. These compounds
have shown associations with improved lung function
indicators in COPD patients who are smokers [16, 17],
and they also exhibit potential for COPD treatment [18,
19], which has been validated in animal experiments and
cohort observations [20, 21]. Oxidative stress and inflam-
matory reactions play a crucial roles in the development
of COPD, which is also the main toxic side effect of
heavy metals [6, 22]. So, can the intake of flavonoid com-
pounds serve as a natural “detoxifier” against heavy metal
exposure-induced COPD? (Fig. 1A) Flavonoids have the
advantages of strong availability, minimal side effects
compared to traditional chelating agents, affordability,
ease of acquisition, and food-medicine homology [9, 23].
These numerous advantages highlight the high feasibility
of using flavonoids for COPD prevention [24]. Currently,
no research has explored whether consuming flavonoids
can reduce the risk of COPD development triggered by
heavy metal exposure. Therefore, the significance of this
study lies in exploring the impact of blood heavy metal
levels/dietary flavonoid intake on the incidence of COPD
through the The National Health and Nutrition Exami-
nation Survey (NHANES) database, and elucidating the
potential of reducing the risk of COPD by consuming fla-
vonoid compounds to mitigate heavy metal exposure.

Materials and methods

Study population

The NHANES study is a multi-stage, stratified, and
nationally representative study of the US population con-
ducted by the National Center for Health Statistics of the
Centers for Disease Control and Prevention. It aims to
assess the nutrition and health status of Americans [25].
The survey includes demographic, dietary, examination,
laboratory, and questionnaire data. Prior to data collec-
tion, all study procedures were authorized by the ethics
review committee of the National Center for Health Sta-
tistics, and informed consent forms were signed by all
participants. Subjects were excluded from our study for
the following reasons: (1) Missing COPD data; (2) Miss-
ing flavonoids and heavy metal data; (3) Aged under 40
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Fig. 1 A The design concept of this study (GOLD: Global Initiative for Chronic Obstructive Lung Disease); B Inclusion flow diagram

years old; (4) Missing covariate (such as smoking, alcohol
consumption, hypertension, diabetes, etc.) data (Fig. 1B).

Dependent variables

Chronic obstructive pulmonary disease (COPD) was
defined differently for the 2007-2010 period compared
to the 2017-2018 period. In the 2007-2010 period,
COPD was defined as FEV1/FVC<0.7. However, for the
2017-2018 period, it was defined as a positive response
to any of the following questions: (1) “Has a doctor or
other health professional ever told you that you have
chronic bronchitis? (2) “Has a doctor or other health

professional ever told you that you have emphysema?“ (3)
“Has a doctor or other health professional ever told you
that you have COPD?* (4) “Are you over 40 years old and
have a history of smoking or chronic bronchitis, and take
one of the following medications: mast cell stabilizers,
inhaled corticosteroids, leukotriene modifiers, or selec-
tive phosphodiesterase-4 inhibitors?“

Independent variables

In this study, flavonols intake data were obtained from the
USDA’s Food and Nutrient Database for Dietary Studies
(FNDDS) associated with NHANES for 2007-2010 and
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2017-2018. The FNDDS provides estimates of Flavonoids
intake for the US population by age group. The relation-
ship between flavonoid intake and human health can be
comprehensively explored by linking these estimates with
laboratory, examination, and questionnaire data from
NHANES. The flavonol database in FNDDS provides
intake amounts of six major flavonols and 29 subtypes as
well as total flavonols for each participant on the first and
second days. In this study, we used the average intake of
the six major flavonols on the first and second days for
each participant in the flavonol database to investigate
their association with COPD incidence.

Whole blood samples were obtained from individuals
who fasted overnight at the Mobile Examination Center
(MEC). All specimens were prepared, stored, and sent
for analysis to the National Center for Environmental
Health and the Centers for Disease Control and Preven-
tion according to laboratory procedure manuals. Induc-
tively coupled plasma mass spectrometry (ICP-MS) was
used to assess the levels of trace elements in biological
samples, and the levels of lead, Cd, and mercury in whole
blood were determined [26]. Values below the limit of
detection (LOD) for heavy metal concentrations were
handled by dividing the LOD by the square root of 2 [27].

Covariate assessment

Our covariates included age, sex, race/ethnicity (Mexi-
can American, other Hispanic, non-Hispanic white,
non-Hispanic black, non-Hispanic Asian, other race),
BMI, smoking status, alcohol consumption status, mari-
tal status, education level (less than 9th grade, 9-11
grade, high school graduate, some college/AA degree,
and college graduate), poverty income ratio (PIR), car-
diovascular disease, hypertension, and diabetes. PIR
was divided into three categories: Low (<1.39), Medium
(>1.39, <=3.49), and High (>3.49). Smoking status was
classified into two categories: Smoker (defined as smok-
ing more than 100 cigarettes in their lifetime), Non-
smoke (defined as smoking less than 100 cigarettes in
their lifetime). Alcohol consumption status was classi-
fied as lifetime abstainer (drank<12 times in their life-
time), former drinker (drank>12 times in their lifetime
but did not drink in the past year), current light drinker
(currently drinks<3 times per week), current moder-
ate drinker (men drink>3 to <14 times/week, women
drink >3 to <7 times/week), Current heavy drinker (men
drink>14 times/week, women drink>7 times/week)
and binge drinking (defined as “how many days in the
past year did you have 5 or more drinks?“) and the raw
answer was converted to days per week (or month). For
CVD, a positive response to any of the following ques-
tions was defined as CVD: “Has a doctor or other health
professional ever told you that you have congestive heart
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failure (CHF)/coronary heart disease (CHD)/angina/
heart attack/stroke?“. Hypertension was defined accord-
ing to the American Heart Association/American Col-
lege of Cardiology 2017 guidelines as systolic blood
pressure >130 mmHg or diastolic blood pressure >80
mmHg and self-reported diagnosis or use of antihyper-
tensive medication. Diabetes was defined as meeting any
of the following criteria: (1) self-reported diabetes diag-
nosis; (2) use of diabetes medication; (3) HbAlc>6.5%;
(4) fasting blood glucose of at least 7 mmol/L.

Statistical analysis

All the data used in this study are publicly available and
can be accessed using relevant keywords on the NHANES
official website (https://wwwn.cdc.gov/nchs/nhanes/
search/default.aspx). These data include serum heavy
metals, personal demographic information, and potential
health conditions (such as age, gender, race, education
level, smoking status, and chronic underlying diseases).
It is worth noting that flavonoid dietary data can be
obtained from the Food and Nutrient Database for Die-
tary Studies (FNDDS, https://www.ars.usda.gov/north
east-area/beltsville-md-bhnrc/beltsville-human-nutri
tion-research-center/food-surveys-research-group/docs/
fndds-download-databases/). Subsequently, the data
were merged based on each individual’s unique identifier
“Patient serial number (SEQN)”. Furthermore, NHANES
data release files provide various sample weights, such
as the MEC exam weight (wtmec2 year) [25]. Consider-
ing the complex sampling design of NHANES, sample
weights were assigned to each participant to ensure that
the study population is nationally representative. Since
the sample individuals for the MEC exam are a subset of
the survey respondents, the choice of the correct sam-
ple weight for analysis depends on the variables used.
Therefore, we used the combined wtmec2 year for our
analysis. NHANES 2007-2010 combines data from two
survey cycles (four years), while NHANES 2017-2018
combines data from one survey cycle (two years). Con-
sequently, different weights were applied for different
years:“ wtmec2 year (2007-2010)=2/3Xwtmec2 year,
wtmec2 year (2017-2018) =1/3Xwtmec2 year.

The intake of flavonoids and the exposure levels to
heavy metals were divided into three quantiles (Ql,
Q2, and Q3 representing the first, second, and third
quantiles, respectively), with Q1 used as the reference.
Continuous variables were reported as mean *stand-
ard deviation (SD), while categorical variables were
presented as individual counts (N) and percentages
(%). Weighted t-tests (for continuous variables) or
weighted chi-square tests (for categorical variables)
were used to assess differences between COPD and
non-COPD subjects. Weighted t-tests can account for
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variance differences between samples, allowing for a
more accurate comparison of mean differences between
two groups. Meanwhile, categorical variables can be
assessed using weighted chi-squared tests. Weighted
chi-squared tests consider weight differences between
samples, thus providing a more accurate assessment
of proportion differences between two groups. The
Kruskal-Wallis test is a non-parametric method suit-
able for comparing median differences among mul-
tiple groups. For categorical variables, weighted
chi-squared tests can also be employed, considering
sample weight differences. Multivariable linear regres-
sion and restricted cubic splines (RCS) were used to
analyze the correlation between flavonoids, heavy
metals, and COPD. RCS flexibly model the relation-
ship between independent and dependent variables,
especially in regression analysis. When the relation-
ship between independent and dependent variables
is not a simple linear one, RCS can help capture this
non-linear relationship. They allow researchers to
approximate the relationship using different polyno-
mial functions within different ranges of independent
variables, thereby providing a more accurate descrip-
tion of the data’s trend. RCS with three knots, at the
10th, 50th, and 90th percentages, were used to explore
the non-linear relationships of blood heavy metal lev-
els and flavonoid intake with COPD in the linear terms
model. For the construction of the logistic regression
model, initially, an crude model was fitted, followed by
stepwise adjustment for covariates. Model 1 adjusted
for age, sex, and race; Model 2 further adjusted for PIR,
BMI, marital status, education level, alcohol consump-
tion, and smoking status based on Model 1; Model 3
additionally adjusted for cardiovascular disease, hyper-
tension, and diabetes based on Model 2. Results were
presented as odds ratios (OR) with their corresponding
95% confidence intervals (95% CI). Subgroup analy-
ses were conducted for significant results. To further
explore the association between flavonoid intake, heavy
metal levels, and COPD, a logistic regression model
was employed to assess the significance of the interac-
tion between flavonoids and heavy metals on COPD.
Additionally, for covariates that showed significant dif-
ferences between COPD and non-COPD participants,
subgroup analyses and interaction exploration were
conducted to investigate their impact on the relation-
ship between blood heavy metal levels/flavonoid intake
and COPD.

All subgroup variable analyses were conducted using
a fully adjusted Model 3, and logistic regression models
were also used to determine the interaction associations
between these subgroups and COPD.Statistical analy-
sis was performed using R (version 4.2.2, Foundation for
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Statistical Computing, Vienna, Austria). All the afore-
mentioned analysis methods were considered statistically
significant with two-tailed p-values <0.05.

Result

The baseline characteristics of the participants

Finally, a total of 7,265 individuals were included in this
study. Based on the exclusion criteria, a total of 1,008
participants (7,265, 13%) were classified as having COPD,
with a mean age of 60.2 years. Compared to non-COPD
participants (6,257), those with COPD were gener-
ally older, non-Hispanic white, with higher household
incomes, and were more likely to be overweight/obese
(BMI > 25 kg/m?). Besides, COPD participants were more
likely to be smokers and have comorbidities like diabetes
and hypertension. Among them, blood Cd (p <0.001) and
lead (»<0.001) showed statistically significant differences
between COPD and non-COPD individuals, with higher
median blood levels of these heavy metals among COPD
participants. In contrast, anthocyanidins (p=0.013), iso-
flavones (p<0.001), and flavones (p=0.039) exhibited
significantly lower median levels of intake among COPD
participants (Table 1). This reflects the dietary inadequa-
cies in COPD patients.

We analyzed the relationship between blood heavy
metal levels (Cd, lead) and flavonols intake (AC, isofla-
vones, flavones) at the third quantile and COPD. Analysis
of the third quantile of blood Cd and lead levels showed
that variables such as age, gender, race, education, mari-
tal status, PIR, alcohol consumption, smoking status,
diabetes, and CVD were significantly different (p <0.05),
this could be attributed to the potential ease with which
lead exposure enters the bloodstream [28]. Additionally,
the prevalence of hypertension was significantly differ-
ent between the third quantile groups of blood lead lev-
els (Supplementary Table S1, 2). The analysis of the third
quantile of anthocyanidin and isoflavone intake showed
that variables such as age, gender, race, education, mari-
tal status, PIR, alcohol consumption, smoking status,
diabetes, hypertension, and CVD were significantly dif-
ferent. However, there was no significant difference in
COPD prevalence in the third quantile group of flavone
intake (p=0.2) (Supplementary Table S3, 4 and 5).

Associations between heavy metals, flavonols, and COPD
outcomes

In the multivariable logistic regression model, partici-
pants in the third quantile of blood Cd levels in Model
3 showed a 72% increase in the risk of COPD in partici-
pants compared to the first quantile (<0.24 ug/L) (OR:
1.73, 95% CI: 1.25-2.38, p<0.01). Regarding blood lead
levels,the third quantile was significantly positively cor-
related in Model 1 and Model 3. Among flavonols, the
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Table 1 Participant characteristics stratified by COPD status
Characteristic Overall, N=7265 (100%)'  No, N=6257 (87%)'  Yes, N=1008 (13%)'  P-Value?
Age (years) *** 57.6(11.4) 57.2(11.3) 60.2 (11.1) <0.001
Body mass index (BMI) 0.15
Normal(< 25) 1,701 (24%) 1,459 (25%) 242 (21%)
Obese(>30) 2,976 (41%) 2,536 (41%) 440 (46%)
Overweight(>25,<30) 2,588 (34%) 2,262 (35%) 326 (33%)
Sex 04
Female 3,723 (54%) 3,232 (53%) 491 (55%)
Male 3,542 (46%) 3,025 (47%) 517 (45%)
Race*** <0.001
Non-Hispanic White 3,702 (75%) 3,041 (74%) 661 (81%)
Non-Hispanic Black 1,394 (9.2%) 1,225 (9.4%) 169 (8.5%)
Mexican American 1,026 (5.9%) 965 (6.4%) 61 (2.6%)
Other Hispanic 664 (4.1%) 596 (4.2%) 68 (2.9%)
Other Race - Including Multi-Racial 479 (6.0%) 430 (6.0%) 49 (5.0%)
Education®*** <0.001
9-11th grade (Includes 12th grade with no diploma) 1,032 (9.1%) 862 (8.6%) 170 (12%)
College graduate or above 1,649 (31%) 1,492 (33%) 157 (22%)
High school graduate/GED or equivalent 1,711 (25%) 1,442 (25%) 269 (30%)
Less than 9th grade 829 (4.4%) 711 (4.3%) 118 (5.6%)
Some college or AA degree 2,044 (30%) 1,750 (30%) 294 (30%)
Marital 0.2
Divorced 1,051 (14%) 872 (14%) 179 (16%)
Living with partner 327 (4.9%) 283 (4.9%) 44 (4.7%)
Married 4,315 (65%) 3,776 (66%) 539 (61%)
Never married 496 (5.7%) 427 (5.6%) 69 (5.9%)
Separated 242 (2.2%) 203 (2.1%) 39 (3.0%)
Widowed 834 (8.1%) 696 (7.9%) 138 (9.6%)
Poverty index (PIR)*** <0.001
High(> 3.49) 2,548 (52%) 2,292 (54%) 256 (40%)
Low(<1.39) 2,119 (16%) 1,741 (15%) 378 (25%)
Medium(>1.39,<=3.49) 2,598 (32%) 2,224 (31%) 374 (35%)
Alcohol*** <0.001
former 1,330 (11%) 1,071 (10.0%) 259 (18%)
heavy 1,043 (15%) 892 (14%) 151 (18%)
mild 2,868 (47%) 2,508 (48%) 360 (40%)
moderate 1,048 (18%) 900 (18%) 148 (17%)
never 976 (9.8%) 886 (10%) 90 (7.4%)
Smoking status*** <0.001
Non-smoker 3,697 (55%) 3,451 (59%) 246 (27%)
smoker 3,568 (45%) 2,806 (41%) 762 (73%)
Diabetes*** <0.001
DM 1,863 (20%) 1,541 (19%) 322 (30%)
IFG 432 (6.6%) 376 (6.6%) 56 (6.5%)
IGT 300 (2.8%) 264 (2.9%) 36 (2.8%)
no 4,670 (70%) 4,076 (72%) 594 (61%)
Hypertension*** 4,896 (62%) 4,154 (61%) 742 (71%) <0.001
Cardiovascular disease (CVD)*** 1,127 (12%) 842 (10%) 285 (25%) <0.001
Blood Lead*** 0.015(0.013) 0.015(0.013) 0.018(0.013) <0.001
Blood Cadmium*** 0.49 (0.55) 0.45 (0.49) 0.77 (0.82) <0.001
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Table 1 (continued)

Characteristic Overall, N=7265 (100%)’ No, N=6257 (87%)’ Yes, N=1008 (13%)’ P-Value?
Blood Mercury 162 (223) 1.65 (2.26) 145 (1.99) 0.050
Isoflavones*** 1.79 (8.81) 192 (9.31) 091 (3.84) <0.001
Anthocyanidins * 17.37 (38.26) 17.99 (39.59) 13.12 (27.06) 0.013
Flavan-3-ols 195.37 (404.20) 19363 (396.32) 207.38(454.94) 06
Flavanones 12.75 (23.53) 12.90 (23.67) 11.69(22.46) 04
Flavones* 1.02(222) 1.04 (2.34) 0.89 (1.13) 0.039
Flavonols 19.88 (18.67) 19.89 (18.48) 19.81 (19.89) >09
Total Flavonoids 248.19 (422.85) 247.38 (415.08) 253.79(473.23) 08

*P<0.05; **P<0.01; ***P<0.001

! Mean + SD for continuous; n (%) for categorical

2 t-test adapted to complex survey samples; chi-squared test with Rao & Scott’s second-order correction

third quantile of anthocyanidin intake was statistically
significant in Model 3, and compared to the first quan-
tile (<1.015 mg/d), the third quantile (>11.56 mg/d)
reduced the risk of COPD (OR: 0.73, 95% CI: 0.54—0.99,
p<0.01) (Table 2). For other models such as Mercury,
Flavan-3-ols, Flavanones, Flavonols, and total Flavonoids,
the association with COPD ceased to be significant after
adjusting for general patient characteristics (age, gender,
race). This suggests that these factors are more influenced
by the environment in which patients live (education sta-
tus, income level, etc.) and their underlying health con-
ditions (such as hypertension, diabetes). We further used
the RCS model to fit the nonlinear relationship between
Cd, AC, and COPD, and after adjusting for covariates, we
found a linear relationship between Cd (p<0.001, Sup-
plementary Figure S1A), AC (p<0.001, Supplementary
Figure S1B), and COPD.

Subgroup analysis

Subgroup analysis of AC and Cd showed that compared
to the first quantile, the third quantile of blood Cd levels
was significantly associated with a reduced risk of COPD
among participants aged 40 to 60 years, with normal
BMI levels, smokers, without CVD and hypertension,
and with diabetes. The interaction results showed that
the effect of blood Cd levels on COPD varied depending
on smoking status (p for interaction=0.03) (Fig. 2A). In
terms of AC, compared to the first quantile, the second
quantile of AC intake was significantly associated with
a reduced risk of COPD among participants aged 50 to
60 years (Fig. 2B). For the subgroup analysis of blood
lead levels and COPD, smokers, individuals with higher
BMI, non-alcohol drinkers, and those with hyperten-
sion or coronary heart disease showed a higher risk of
COPD onset. However, interaction analysis revealed that
these factors did not have a decisive impact on the risk

of COPD associated with blood lead (interaction p-values
all >0.05, Supplementary Figure S2).

To investigate whether the intake of these flavonoids
can reduce the risk of heavy metal exposure-related
COPD, we also conducted stratified analyses of flavo-
noid intake levels and blood heavy metal levels. In the
additional stratified analysis of AC intake and blood Cd
levels, we analyzed their combined effects on COPD inci-
dence (Table 3). We found that participants with high
blood Cd levels (>0.44 ug/L) and inadequate AC intake
(<1.015 mg/d) had a significantly increased risk of COPD
(OR: 4.88, 95% CI: 2.45-9.71, p<0.001). However, par-
ticipants with sufficient AC intake (>11.53 mg/d) at the
same blood Cd level experienced a 27% reduced risk
of COPD (OR: 2.99, 95% CI: 1.31-4.02, p=0.006). We
also found an interaction between blood Cd and AC on
COPD incidence (p for interaction=0.037). Further sub-
group analysis of smoking status showed this association
was more significant in smokers (Table 4), these find-
ings can provide dietary recommendations for clinical
practice to reduce COPD risk associated with cadmium
exposure through the consumption of AC. When we con-
ducted stratified analysis for the remaining five types of
flavonoids (Isoflavones, Flavan-3-ols, Flavanones, Fla-
vones, Flavonols), and Total Flavonoids in relation to cad-
mium, we observed that at lower levels of these flavonoid
compounds (at Q1 levels), the risk of COPD increased by
1.48 times, 2.27 times, 2.92 times, 1.5 times, 2.01 times,
and 2.35 times, respectively, as cadmium levels rose to
0.45 pg/L. An interesting observation is that the same
results were also found in the interaction analysis of fla-
vonoids with lead (except for AC, Flavonols, and Total
Flavonoids). For Isoflavones (Q1 level), Flavones (Q1
level), Flavanones (Q2 level), and Flavan-3-ols (Q2 level),
the risk of COPD increased by 65%, 134%, 83%, and 72%,
respectively, as cadmium levels rose to 0.172 pg/L (Sup-
plementary Materials Tables S6, 7). However, further
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Table 2 Associations between blood heavy metal levels (Cadmium, lead) and flavonoids intake (Anthocyanidins, Isoflavones,
Flavones) with COPD in NHANES.

Crude Model Model 1 Model 2 Model3
OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl)

Blood_Cadmium (ug/L)

Q1(<0.24) Reference Reference Reference Reference

02(=0.25,<0.44) 1.19(0.87,1.62) 1.12(0.80,1.56) 0.90(0.62,1.29) 0.91(0.64,1.29)

Q3((=0.45,<3.03) 3.10(2.32,4.13) *** 3.04(2.28,4.06) *** 1.70(1.23,2.35) ** 1.73(1.25,2.38) **
Blood_Lead (ug/L)

Q1(<0.105) Reference Reference Reference Reference

02(>0.106,<0.171) 1.42(1.05,1.92) * 1.36(1.00,1.86) 1.15(0.84,1.57) 1.25(0.94,1.66)

Q3(=0.172) 1.92(1.48,2.50) *** 1.76(1.33,2.32) *** 1.30(0.98,1.73) 1.44(1.11,1.86)**
Anthocyanidins (mg)

Q1(<1.015) Reference Reference Reference Reference

Q2(=1.02,<11.53) 0.72(0.55,1.19)* 0.70(0.53,0.92)* 0.82(0.63,1.06) 0.85(0.65,1.11)

Q3(=11.56) 0.59(0.44,0.80) *** 0.54(0.40,0.72) *** 0.72(0.53,0.96) * 0.73(0.54,0.99)*
Isoflavones (mg)

Q1(<5x1073) Reference Reference Reference Reference

Q2(=5x1073,<0.04) 0.94(0.75,1.19) 0.93(0.74,1.18) 1.07(0.84,1.37) 1.08(0.85,1.38)

Q3(=0.04) 0.71(0.56,0.90) ** 0.76(0.60,0.97)* 0.93(0.71,1.22) 0.93(0.71,1.23)
Flavones (mg)

Q1(<0.33) Reference Reference Reference Reference

02(>0.34,<1.00) 0.83(0.67,1.04) 0.83(0.66,1.05) 0.98(0.79,1.22) 0.97(0.78,1.21)

Q3(=1.01) 0.82(0.62,1.08) 0.82(0.61,1.10) 1.07(0.81,1.41) 1.05(0.81,1.38)
Blood_Mercury (ug/L)

Q1(0.0-0.65) Reference Reference Reference Reference

Q2(0.66-1.39) 0.72(0.52, 1.00) 0.71(0.51,0.98)* 0.82(0.59, 1.14) 0.84(0.60, 1.19)

Q3(=1.40) 0.73(0.56, 0.96)* 0.70(0.52, 0.94)* 0.95(0.69, 1.31) 0.99(0.71, 1.36)
Flavan-3-ols (mg)

Q1(0-10.115) Reference Reference Reference Reference

Q2(10.12-102.040) 0.79(0.64,0.97)* 0.78(0.63,0.95)* 0.96(0.79,1.17) 1.01(0.82,1.25)

Q3(=102.285) 0.88(0.64, 1.21) 0.86(0.63, 1.19) 1.06(0.78, 1.46) 1.10(0.79, 1.53)
Flavanones (mg)

Q1(0-1.170) Reference Reference Reference Reference

Q2(1.175-7.190) 0.87(0.71, 1.06) 0.85(0.69, 1.05) 1.08(0.86, 1.34) 1.09(0.87, 1.37)

Q3(>7.220) 0.74(0.56, 0.98)* 0.70(0.52,0.92)* 0.90(0.66, 1.23) 0.92(0.68, 1.26)
Flavonols (mg)

Q1(0-10.215) Reference Reference Reference Reference

02(10.225-21.405) 0.91(0.67,1.24) 0.90(0.65, 1.23) 1.06(0.76, 1.48) 1.08(0.76, 1.54)

Q3(>21.41) 0.86(0.61, 1.21) 0.87(0.62,1.22) 1.03(0.73, 1.45) 1.07(0.75, 1.53)
Total Flavonoids (mg)

Q1(0-45.2) Reference Reference Reference Reference

Q2(45.225-179.71) 0.73(0.57,0.93) 0.70(0.55, 0.89)** 0.95(0.74,1.20) 0.97(0.74,1.27)

Q3(>179.825) 0.87(0.64, 1.18) 0.84(0.61,1.14) 1.09(0.80, 1.49) 1.11(0.81, 1.53)

Model 1: Adjusted for age, sex, and race
Model 2: Adjusted for age, sex, race, PIR (Poverty Index), BMI, marital status, education level, smoking status, and alcohol consumption

Model 3: Adjusted for age, sex, race, PIR (Poverty Index), BMI, marital status, education level, smoking status, alcohol consumption, hypertension, cardiovascular
disease, and diabetes

*P<0.05; **P<0.01; ***P<0.001
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ASubgroup Q3 OR (95% ClI) P for interaction Subgroup Q3 OR (95% ClI) P for interaction
Age(years) 0.35 Age(years) 0.35
240,<50 2.13(1.18, 3.84) —_—— 240,<50 0.77(0.35, 1.71) —_———
250,<60 2.20(1.08, 4.46) —_———— 250,<60 0.63(0.33, 1.18) —_——

260 1.50(0.96, 2.35) — 260 0.78(0.55, 1.11) —

BMI 0.73 BMI 0.91
Normal(218.5,< 25) 1.95(1.15, 3.32) — Normal(218.5,< 25) 0.70(0.39, 1.24) —

Overweight(225,<30) 1.76(1.00, 3.10) — Overweight(225,<30) 0.80(0.52, 1.22) —

Obese(230) 1.72(0.91, 3.24) —_— Obese(230) 0.78(0.49, 1.23) —_——

Smoking status* 0.03 Smoking status 0.52
Smoker 2.16(1.40, 3.33) —_— Smoker 0.67(0.43, 1.05) ——

Non-smoker 0.85(0.49, 1.47) —— Non-smoker 0.90(0.64, 1.27) ——

Cardiovascular disease 0.84 Cardiovascular disease 0.22
Yes 156 (1.12,2.17) e Yes 0.69(0.51, 0.93)* .

No 2.39(1.36, 4.21) —_— No 0.98(0.57, 1.69) .

Hypertension 0.81 Hypertension 0.56
Yes 1.61(0.95, 2.72) —_—— Yes 0.63(0.33, 1.19) —

No 1.81(1.17, 2.79) L — No 0.81(0.57, 1.14) —

Diabetes 0.69 Diabetes 0.75
Yes 1.79(1.29, 2.49) — Yes 0.46(0.21, 1.03)

No 1.24(0.52, 2.94) e — No 0.76(0.55, 1.04) ——

BI:)od_badnzlium ' Anthocyawnidins
Fig. 2 Subgroup analysis of the relationship between blood cadmium levels, anthocyanidins intake, and COPD risk at different levels

Table 3 Combined effects of Anthocyanidins intake and blood Cd levels on COPD incidence

Characteristic Blood cadmium Anthocyanidins(mg) Q1(0-1.015) Anthocyanidins(mg) Q2(1.015-11.53) Anthocyanidins(mg)
(ug/L) Q3(>11.56)
Q1(0.07-0.24) Reference Reference Reference
Q2(0.24-0.44) 1.57(0.78,3.19) 0.42(0.23,0.79) ** 1.62(0.86,3.05)
Q3(>0.44) 4.88(2.45,9.71)* 0.82(0.50,1.36) 2.29(1.31,4.02) **

In this table, the impact of increasing blood cadmium (Cd) levels on the risk of COPD is displayed with reference to blood cadmium levels in the range of 0.07-0.24ug/
L, while varying the intake of anthocyanins. For example, when blood cadmium levels exceed 0.44ug/L and anthocyanin intake is greater than 11.56 mg, the risk of
developing COPD is approximately 2.29 times higher compared to when blood cadmium levels are in the range of 0.07-0.24ug/L, with an equivalent anthocyanin
intake (> 11.56 mg). (**P<0.01; ***P<0.001)

Table 4 Subgroup analysis of the relationship between blood cadmium levels, anthocyanidins intake, and COPD risk at different levels
stratified by smoking status

Subgroup (Smoking) Characteristic Anthocyanidins(mg) Q1(0-  Anthocyanidins(mg) Q2(1.015- Anthocyanidins(mg) Q3(>11.56)

1.015) 11.53)
Blood. Cadmium (ug/L) Q1(0.07,024)  Reference Reference Reference
Q2(0.24,0.44) 1.50(0.63,3.61) 0.33(0.14,0.77) * 2.23(0.84,5.91)
Q3(>044) 467(2.199.99) ™ 0.79(0.40,1.56) 3.64(1.648.11) **
Subgroup (Non-smoking) Characteristic Anthocyanidins(mg) Q1(0-  Anthocyanidins(mg) Q2(1.015- Anthocyanidins(mg) Q3(>11.56)
1.015) 11.53)
Blood. Cadmium (ug/L) Q1(0.07,024)  Reference Reference Reference
Q2(0.24,0.44) 1.51(0.66, 3.44) 0.49(0.23,1.07) 1.16(0.50, 2.68)
Q3(>0.44) 1.06(0.39, 2.87) 0.60(0.22, 1.68) 1.05(0.55, 2.03)

This table further explores the impact of smoking as a factor on the interaction between blood cadmium (Cd) levels, anthocyanin intake, and COPD risk. Using

a reference blood cadmium level of 0.07-0.24ug/L, while varying anthocyanin intake, it categorizes individuals based on their smoking status. For example,

among former smoker individuals, when blood cadmium levels exceed 0.44ug/L and anthocyanin intake is greater than 11.56mg, the risk of developing COPD is
approximately 4.36 times higher compared to when blood cadmium levels are within the range of 0.07-0.24ug/L, with an equivalent anthocyanin intake (>11.56mg).
(*P < 0.05; **P < 0.01)

increasing the intake of these flavonoids did not con- because increasing flavonoid intake often accompanies
tribute to the improvement of this risk (COPD associ- other dietary changes, leading to increased heterogene-
ated with cadmium and lead exposure). This may be ity among this population. Further interaction analysis
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helps us conclude that, overall, there is no direct asso-
ciation between the intake of these flavonoid compounds
and COPD risk in relation to heavy metals (blood lead
and cadmium). These important findings provide clinical
researchers with a direction for further investigating the
potential benefits of flavonoids in reducing the adverse
health effects caused by cadmium and lead. Finally, we
did not find any associations between flavonoid intake,
mercury exposure, and COPD risk (Supplementary
Materials Table S8). This may be due to the weaker cor-
relation between mercury exposure and COPD risk.

Discussion

This study analyzed cross-sectional data from the
NHANES project to explore the association between
three blood metals (cadmium, mercury, and lead), six
flavonoid compounds (isoflavones, AC, flavan-3-ols, fla-
vanones, flavones, and flavonols), total flavonoids, and
COPD-related outcomes in 7,265 adults aged >40 years.
We found that increased blood Cadmium (>0.45 ug/L)
and Lead (>0.172 ug/L) levels were positively associ-
ated with COPD susceptibility, while dietary intake of
AC was negatively associated with COPD risk. Moreo-
ver, our study found that individuals with high blood Cd
levels (0.45 ug/L) had a 27% reduced risk of COPD when
consuming a moderate daily intake of AC (11.53 mg/d).
This protective effect was particularly significant among
smokers. As for whether the intake of other types of
flavonoids (isoflavones, flavan-3-ols, flavanones, fla-
vones, and flavonols) can lead to a reduction in the risk
of COPD related to cadmium exposure and the potential
benefits of the flavonoids involved in this study in lower-
ing the risk of lead-induced COPD, further exploration is
required in future studies.

In the current context, the focus is on human exposure
to Cd and lead, which can originate from various sources.
In addition to occupational exposures in industries such
as mining, smelting, electroplating, nickel and lead bat-
tery production, crystal and ceramic industries [7, 29],
food contamination and smoking behaviors are also sig-
nificant sources of exposure to these elements [30]. Cd
and lead can adversely affect lung function through vari-
ous mechanisms, including oxidative stress, inflamma-
tion, cell apoptosis, and immune responses. Oxidative
stress plays a pivotal role in this regard [31, 32]. Both Cd
and lead can induce the production of reactive oxygen
species (ROS), including superoxide anions (O>7) and
hydrogen peroxide (H,0,). Cd can also elevate intra-
cellular levels of calcium and iron ions, accelerating
the production of free radicals, which contribute to the
generation of reactive oxygen species [33]. Lead, on the
other hand, can induce ROS production by inhibiting
delta-aminolevulinic acid dehydratase (ALAD), leading
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to the accumulation of delta-aminolevulinic acid (ALA)
[34]; Additionally, both Cd and lead can inhibit the activ-
ity of various antioxidant enzymes, including superoxide
dismutase (SOD), catalase (CAT), and glutathione per-
oxidase (GPx) [35], by binding to their -SH groups with
high affinity and replacing essential cofactors, resulting
in decreased enzyme activity and interference with the
antioxidant defense system [31]. These effects can disrupt
the barrier function of lung cells, damage collagen and
elastin cross-linking, accelerate collagen and elastin dam-
age, and ultimately lead to emphysema [36, 37]. Animal
experiments have shown that rats exposed to lead exhib-
ited thinning of the interalveolar septum, reduced alveo-
lar area, and accumulation of macrophages in the alveoli
[38, 39]; Furthermore, Cd and lead may also induce the
destruction of metallothionein (MT) as part of the under-
lying mechanisms [40]. In terms of inflammation, Cd can
increase the content of alveolar macrophages and neu-
trophils [41, 42], and some studies suggest that certain
inflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-a) and monocyte chemoattractant protein-1
(MCP-1), may play intermediary roles [43]. Persistent
and long-term inflammation can lead to the destruction
of structural cells such as airway epithelial cells, stromal
cells, and parenchymal cells. Research on lead-induced
lung inflammation is relatively limited, but one NHANES
study indicated that lead can increase the systemic
immune inflammation index (a novel index reflecting
immune inflammatory status) [44], which might explain
the induction of chronic persistent lung inflammation.
The toxicity of cadmium and lead also manifests in terms
of cell apoptosis and immune regulation, which are also
mechanisms that should not be overlooked in the risk
of developing COPD. Besides the accumulation of ROS,
cadmium and lead may induce mitochondrial dysfunc-
tion in bronchial epithelial cells and activate the MAPK
signaling pathway, contributing to the regulation of cell
apoptosis [45]. Cadmium can also interfere with the cel-
lular uptake of some essential metals, particularly zinc,
leading to airway immune dysregulation [46]. Research
has also found that lead exposure reduces the percentage
of CD cells [47], which may also increase susceptibility to
respiratory diseases. Fortunately, we have discovered the
benefits of AC in reducing the risk of Cd-induced COPD,
making it possible to control such risks.

AC represents a class of water-soluble flavonoids
widely present in fruits and vegetables. The dietary
sources of AC include foods with high levels of natural
colorants, such as red and purple berries, and cabbage
[48]. Organic crops with high antioxidant concentra-
tions usually have lower levels of Cd and pesticides [49].
Extracts of AC can reduce the stress caused by Cd in the
soil on crops [50]. Studies have shown that AC plays a
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role in preventing and treating many chronic diseases,
such as metabolic disorders, cancer, and cardiovascular
diseases [51, 52]. However, there is little research on the
protective effects of AC in the respiratory system, espe-
cially in the prevention of COPD. A recent longitudinal
study of elderly adults from the Normative Aging Study
lasting more than 15 years found that the intake of AC
was negatively correlated with the rate of decline in FVC
[53]. Ahmad S F et al. [54] showed that feeding mice
with original proanthocyanidins could improve lung
inflammation by reducing pro-inflammatory cytokines
produced by Th2 cells. There is a rich literature avail-
able on the protective effects of AC on Cd toxicity in
humans, animals, and plants, as AC’s strong antioxidant
capacity can chelate Cd*" and accelerate Cd metabolism
in the body, inhibit cell DNA fragmentation and apop-
tosis [55], and reduce the release of TNF-a, interleukin
6 (IL-6), interleukin 1 (IL-1), and numero (NO), achiev-
ing an inhibitory effect on inflammatory infiltration
[15]. However, it is important to note that the above-
mentioned studies have shortcomings, such as being
limited to animal model studies, having small sample
sizes, or lacking definitive guidance on AC intake lev-
els. Our study found for the first time that a daily intake
of 11.53 mg of AC could improve the increased risk of
COPD caused by long-term Cd exposure. An interesting
phenomenon is that a certain amount of AC intake can
offset the risk of COPD caused by Cd exposure when
blood Cd levels are in the Q2 interval (0.25-0.44 pg/L).
We explain that in the population with blood Cd levels
in the Q2 interval, 61% are non-smokers and 39% are
smokers, significantly different from the population
in the Q3 interval (Supplementary Table S1). Smoking
is the most significant risk factor for COPD, and Cd is
the heavy metal element with the highest cigarette con-
tent. Each cigarette produces 0.5-1 pg of Cd [56], and
during smoking, Cd is deposited locally in lung tissue
or absorbed into the systemic circulation, leading to a
higher accumulation of Cd in the body than other heavy
metals, exacerbating oxidative stress and inflammatory
reactions in the body [46]. This also explains the signifi-
cant difference in the incidence of COPD in this inter-
val population, and subgroup analysis shows that AC
has a more significant effect on reducing COPD risk in
the population with high blood Cd levels who smoke,
further supporting the viewpoint of this study. This
interesting phenomenon may be related to the signifi-
cant overlap between the oxidative stress and persistent
inflammatory response pathways caused by smoking
[57, 58] and Cd exposure and the pathways regulated
by AC [15]. Thus, further exploration of the potential
mechanisms is warranted.
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Currently, Americans have inadequate intake of
AC and are at high risk of heavy metal exposure. A
previous follow-up study of up to 17,900 individu-
als showed that the intake of AC by American adults
was 9.2 mg/d [59]. However, other studies have shown
that the intake of AC by Americans aged 19 and above
was only 3.1 mg/d [60]. This discrepancy may be due
to heterogeneity in dietary assessment methods, age,
race, and sample size. Overall, the consumption of AC
in the American population falls short of the recom-
mended intake of 11.53 mg/d as proposed in this study.
Adequate supplementation of AC may be beneficial in
reducing the risk of COPD, whether in the presence
of cadmium exposure or in everyday life. For instance,
incorporating foods such as strawberries (at a daily
quantity exceeding 200 g) or common black beans (at
a daily quantity of 350 g) could serve as effective means
of supplementation (as outlined in the supplementary
material Table S9). In addition, AC are metabolized
into structurally diverse metabolites in the body and
can remain in the bloodstream for up to 48 h [61, 62],
indicating that AC exert beneficial effects on lung tis-
sue through the blood circulation.

Nonetheless, the limitations of this study should be
acknowledged. Firstly, a high intake of AC may repre-
sent a healthier lifestyle, and although adjustments were
made for variables such as poverty index and education
level, it is challenging to completely eliminate all residual
or unmeasured confounding factors. However, the inter-
action analysis conducted between AC intake and blood
Cd levels in relation to COPD minimized the impact of
this problem. Secondly, it is worth noting that apart from
lung cancer, there is still limited epidemiological research
on flavonoids and lung health, and the cross-sectional
nature of the data inherently limits our ability to estab-
lish a causal relationship between AC and reduced COPD
risk. It is imperative to replicate our findings in prospec-
tive studies for validation, and further research is needed
to confirm the role of AC in reducing COPD risk.

Conclusion

When blood cadmium levels are greater than 0.45ug/L
or blood lead levels are greater than 0.172ug/L, the risk
of COPD increases significantly. Anthocyanidins intakes
more than 11.53 mg/d significantly reduces the risk of
COPD. Interaction analysis indicates that this intake
can reduce the risk of COPD caused by Cd exposure by
27%. However, currently, there is no evidence to suggest
that flavonoid intake can reduce the risk of lead-related
COPD, and further validation of our conclusions is nec-
essary in the future.
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2018; N = 7,265). Table S6. Combined effects of Flavonoid intake and
blood Cadmium levels on COPD incidence. Table S7. Combined effects
of Flavonoid intake and blood Lead levels on COPD incidence. Table S8.
Combined effects of Flavonoid intake and blood Mercury levels on

COPD incidence. Figure S1. Analysis of the relationship between blood
cadmium levels, anthocyanidins intake, and COPD using restricted cubic
spline models. Figure represents the relationship between Cadmium,
anthocyanidins intake, and COPD adjusted for age, sex, race, PIR (Poverty
Index), BMI, marital status, education level, smoking status, alcohol con-
sumption, hypertension, coronary heart disease, and diabetes. The solid
red line represents the combined restricted cubic spline curve model, and
the shaded area represents the 95% confidence interval of the combined
curve (There is no Log conversion for COPD variables in the figure). The
dashed line represents the risk of developing COPD when blood cadmium
levels (A) are in Q1 (0.07-0.24ug/L) or anthocyanin intake (B) is in Q1
(0-1.015mg). Table S9. Nutrient reference table for anthocyanin-rich
foods. Figure S2. Subgroup analysis of the relationship between blood
lead levels and COPD risk.

Acknowledgements

Thanks to the following organizations for supporting the Affiliated Hospital of
Jiangxi University of Traditional Chinese Medicine: Jiangxi Provincial Natural
Science Foundation (N0.20212BAB216061, N0.20232BAB206145); Jiangxi
Provincial Department of Education Science and Technology Research Project
(No.GJJ211249); Jiangxi Provincial Health Commission Science and Technology
Program Project (N0.202210783); Jiangxi Provincial Administration of Traditional
Chinese Medicine Science and Technology Program Project (N0.2022B248).

Authors’ contributions

YZQ: Principal manuscript writer, designed the study and wrote the manu-
script. XYF and LKK: contributed to the data analysis and data interpretation.
LLJ: contributed to the revision of the manuscript. All authors contributed to
the article and approved the submitted version.

Funding
National Natural Science Foundation of China (No. 81860826)

Availability of data and materials

Flavonoid data source: https://www.ars.usda.gov/northeast-area/beltsville-
md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-
group/docs/fndds-download-databases/.

Blood heavy metal data source:https://wwwn.cdc.gov/nchs/nhanes/search/
defaultaspx (Key words: blood cadmium, blood lead, blood mercury).

Declarations

Ethics approval and consent to participate

The public database used in this article. All raw data have been approved by
the NCHS Research Ethics Review Board CDC NCHS National Health and Nutri-
tion Examination Survey About NHANES NCHS Ethics Review Board (ERB).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Page 12 of 13

Author details

!Jiangxi University of Traditional Chinese Medicine, Graduate school, Yang-
ming Road, Nanchang, Jiangxi, China. 2Department of Respiratory and Critical
Care Medicine, Hospital of Jiangxi University of Traditional Chinese Medicine,
445 Bayi Dadao, Nanchang, Jiangxi, China.

Received: 15 July 2023 Accepted: 17 November 2023
Published online: 24 November 2023

References

1. LaiHC, Lin TL, Chen TW, Kuo YL, Chang CJ, Wu TR, Shu CC, Tsai YH,

Swift S, Lu CC. Gut microbiota modulates COPD pathogenesis: role of
anti-inflammatory Parabacteroides goldsteinii lipopolysaccharide. Gut.
2022;71(2):309-21.

2. Yin PbWu J,Wang L, Luo C, Ouyang L, Tang X, Liu J, Liu Y, Qi J, Zhou
M, et al. The Burden of COPD in China and its provinces: findings
from the global burden of Disease Study 2019. Front Public Health.
2022;10:859499.

3. Quaderi SA, Hurst JR. The unmet global burden of COPD. Glob Health
Epidemiol Genom. 2018;3:e4.

4. Nucera F, Mumby S, Paudel KR, Dharwal V, Casolaro ADIS, Hansbro V,
Adcock PM, Caramori IM. Role of oxidative stress in the pathogenesis of
COPD. Minerva Med. 2022;113(3):370-404.

5. Brown LH, Buettner PG, Canyon DV. The energy burden and environmen-
tal impact of health services. Am J Public Health. 2012;102(12):e76-82.

6. Skalny AV, Lima TRR, Ke T, Zhou JC, Bornhorst J, Alekseenko SI, Aaseth J,
Anesti O, Sarigiannis DA, Tsatsakis A, et al. Toxic metal exposure as a pos-
sible risk factor for COVID-19 and other respiratory infectious Diseases.
Food Chem Toxicol. 2020;146:111809.

7. Bagci C, Bozkurt Al, Cakmak EA, Can S, Cengiz B. Blood lead levels of the
Battery and exhaust workers and their pulmonary function tests. Int J Clin
Pract. 2004;58(6):568-72.

8. Engwa GA, Ferdinand PU, Nwalo FN, Unachukwu MN. Mechanism and
Health Effects of Heavy Metal Toxicity in Humans. Poisoning in the Mod-
ern World - New Tricks for an Old Dog? In: Karcioglu O, Arslan B, editors.
IntechOpen; 2019. p. 1-23.

9. Amadi CN, Offor SJ, Frazzoli C, Orisakwe OE. Natural antidotes and manage-
ment of metal toxicity. Environ Sci Pollut Res Int. 2019;26(18):18032-52.

10. Kim K, Zhang WZ, Kikkers SA, O'Beirne SL, Strulovici-Barel Y, Kaner RJ,
Crystal RG, Cloonan SM. Use of the Iron Chelator Deferiprone to restore
function in BAL Fluid macrophages in Smoking and Chronic Obstructive
Pulmonary Disease. Am J Respir Cell Mol Biol. 2023;68(4):458-62.

11. Agusti A, Melen E, DeMeo DL, Breyer-Kohansal R, Faner R. Pathogenesis of
Chronic Obstructive Pulmonary Disease: understanding the contributions
of gene-environment interactions across the lifespan. Lancet Respir Med.
2022;10(5):512-24.

12. Kaluza J, Larsson SC, Orsini N, Linden A, Wolk A. Fruit and vegetable con-
sumption and risk of COPD: a prospective cohort study of men. Thorax.
2017,72(6):500-9.

13. Marin-Hinojosa C, Eraso CC, Sanchez-Lopez V, Hernandez LC, Otero-
Candelera R, Lopez-Campos JL. Nutriepigenomics and Chronic
Obstructive Pulmonary Disease: potential role of dietary and epigenet-
ics factors in Disease development and management. Am J Clin Nutr.
2021;114(6):1894-906.

14. Shen N,WangT, Gan Q, Liu S, Wang L, Jin B. Plant flavonoids: classifica-
tion, distribution, biosynthesis, and antioxidant activity. Food Chem.
2022;383:132531.

15. Famurewa AC, Renu K, Eladl MA, Chakraborty R, Myakala H, EI-Sherbiny
M, Elsherbini DMA, Vellingiri B, Madhyastha H, Ramesh Wanjari U,
et al. Hesperidin and hesperetin against heavy metal toxicity: insight
on the molecular mechanism of mitigation. Biomed Pharmacother.
2022;149:112914.

16. Garcia-Larsen V, Thawer N, Charles D, Cassidy A, van Zele T, Thilsing T,
Ahlstrom M, Haahtela T, Keil T, Matricardi PM et al. Dietary Intake of Fla-
vonoids and Ventilatory Function in European Adults: A GA(2)LEN Study.
Nutrients. 2018;10(1):95.

17. de Batlle J, Barreiro E, Romieu |, Mendez M, Gomez FP, Balcells E, Ferrer
J, Orozco-Levi M, Gea J, Anto JM, et al. Dietary modulation of oxidative
stress in Chronic Obstructive Pulmonary Disease patients. Free Radic Res.
2010;44(11):1296-303.


https://doi.org/10.1186/s12889-023-17250-x
https://doi.org/10.1186/s12889-023-17250-x
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://wwwn.cdc.gov/nchs/nhanes/search/default.aspx
https://wwwn.cdc.gov/nchs/nhanes/search/default.aspx

Yan et al. BMC Public Health (2023) 23:2335

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

Ding K, Jiang W, Zhan W, Xiong C, Chen J,Wang Y, Jia H, Lei M. The
therapeutic potential of quercetin for cigarette smoking-induced Chronic
Obstructive Pulmonary Disease: a narrative review. Ther Adv Respir Dis.
2023;17:17534666231170800.

Li BS, Zhu RZ, Lim SH, Seo JH, Choi BM. Apigenin alleviates oxidative stress-
Induced Cellular Senescence via Modulation of the SIRT1-NAD[Formula: see
text]-CD38 Axis. Am J Chin Med. 2021;49(5):1235-50.

Farazuddin M, Mishra R, Jing Y, Srivastava V, Comstock AT, Sajjan US. Querce-
tin prevents rhinovirus-induced progression of lung Disease in mice with
COPD phenotype. PLoS ONE. 2018;13(7):e0199612.

Han MK, Barreto TA, Martinez FJ, Comstock AT, Sajjan US. Randomised
clinical trial to determine the safety of quercetin supplementation in
patients with Chronic Obstructive Pulmonary Disease. BMJ Open Respir Res.
2020;7(1):e000392.

Kim J, Song H, Heo HR, Kim JW, Kim HR, Hong Y, Yang SR, Han SS, Lee SJ,
Kim WJ, et al. Cadmium-induced ER stress and inflammation are mediated
through C/EBP-DDIT3 signaling in human bronchial epithelial cells. Exp Mol
Med. 2017,49(9).e372.

Rajak C, Singh N, Parashar P. Metal toxicity and natural antidotes: prevention
is better than cure. Environ Sci Pollut Res Int. 2020;27(35):43582-98.

Arts IC, Hollman PC. Polyphenols and Disease risk in epidemiologic studies.
Am J Clin Nutr. 2005;81(1 Suppl):3175-25.

Curtin LR, Mohadjer LK, Dohrmann SM, Montaquila JM, Kruszan-Moran D,
Mirel LB, Carroll MD, Hirsch R, Schober S, Johnson CL. The National Health
and Nutrition Examination Survey: Sample Design, 1999-2006. Vital Health
Stat 2.2012;(155):1-39.

Yang HS, LaFrance DR, Hao Y. Elemental testing using inductively coupled
plasma Mass Spectrometry in Clinical Laboratories. Am J Clin Pathol.
2021;156(2):167-75.

Torre F, Calogero AE, Condorelli RA, Cannarella R, Aversa A, La Vignera S.
Effects of oral contraceptives on thyroid function and vice versa. J Endo-
crinol Invest. 2020:43(9):1181-8.

YanW, Liu X, Zhang G. Identification of potential food sources affecting
blood lead levels and their health hazards (CVD, Respiratory Diseases,
cancer). Sci Total Environ. 2023;906:167505.

Ma L, Huo X, Yang A, Yu S, Ke H, Zhang M, Bai Y. Metal exposure, Smoking,
and the risk of COPD: a nested case-control study in a Chinese Occupational
Population. Int J Environ Res Public Health. 2022;19(17):10896.

Wang J, Wang Y, Zhou W, Huang Y, Yang J. Impacts of cigarette Smoking on
blood circulation: do we need a new approach to blood donor selection? J
Health Popul Nutr. 2023;42(1):62.

Matovic V, Buha A, Ethukic-Cosic D, Bulat Z. Insight into the oxidative stress
induced by lead and/or cadmium in blood, liver and kidneys. Food Chem
Toxicol. 2015;78:130-40.

Lopes AC, Peixe TS, Mesas AE, Paoliello MM. Lead exposure and oxidative
stress: a systematic review. Rev Environ Contam Toxicol. 2016;236:193-238.
Cuypers A, Plusquin M, Remans T, Jozefczak M, Keunen E, Gielen H, Opde-
nakker K, Nair AR, Munters E, Artois TJ, et al. Cadmium stress: an oxidative
challenge. Biometals. 2010;23(5):927-40.

Bechara EJ. Oxidative stress in acute intermittent porphyria and lead
Poisoning may be triggered by 5-aminolevulinic acid. Braz J Med Biol Res.
1996;29(7):841-51.

Santos ASE, Hauser-Davis RA, Rocha RCC, Saint'Pierre TD, Meyer A. Metal
exposure and oxidative stress biomarkers in a Brazilian agricultural com-
munity. Arch Environ Occup Health. 2022;77(8):611-20.

Liu J, Qu W, Kadiiska MB. Role of oxidative stress in cadmium toxicity and
carcinogenesis. Toxicol Appl Pharmacol. 2009,238(3):209-14.

Nguyen HD. Effects of mixed heavy metals on obstructive lung function:
findings from epidemiological and toxicogenomic data. Environ Geochem
Health. 2023;45(11):8663-83.

OnarliogluT, Erdal S, Turaglar U. The effect of lead inhalation on pulmonary func-
tion tests in lead foundry workers. Cumhuriyet Univ Med J. 1999,21:189-92.
Jurdziak M, Gac P, Martynowicz H, Poreba R. Function of respiratory system
evaluated using selected spirometry parameters in persons occupationally
exposed to lead without evident health problems. Environ Toxicol Pharma-
col. 2015;39(3):1034-40.

Tanaka KI, Shiota S, Sakakibara O, Shimoda M, Takafuji A, Takabatake M, Kad-
ota Y, Kawakami T, Suzuki S, Kawahara M. Exacerbation of Elastase-Induced
Emphysema via increased oxidative stress in metallothionein-knockout
mice. Biomolecules. 2022;12(4):583.

Page 13 of 13

41. Grasseschi RM, Ramaswamy RB, Levine DJ, Klaassen CD, Wesselius LJ.
Cadmium accumulation and detoxification by alveolar macrophages of
cigarette smokers. Chest. 2003;124(5):1924-8.

42. Sundblad BM, Ji J, Levanen B, Midander K, Julander A, Larsson K, Palmberg L,
Linden A. Extracellular cadmium in the bronchoalveolar space of long-term
Tobacco smokers with and without COPD and its association with inflam-
mation. Int J Chron Obstruct Pulmon Dis. 2016;11:1005-13.

43, Jiang YL, Fei J, Cao P, Zhang C, Tang MM, Cheng JY, Zhao H, Fu L. Serum
cadmium positively correlates with inflammatory cytokines in patients with
Chronic Obstructive Pulmonary Disease. Environ Toxicol. 2022;37(1):151-60.

44. Sun X, DengY, Fang L, Ni M, Wang X, Zhang T, Chen Y, Cai G, Pan F. Asso-
ciation of exposure to heavy metal mixtures with systemic immune-
inflammation index among US adults in NHANES 2011-2016. Biol Trace
Elem Res. 2023. https://doi.org/10.1007/512011-023-03901-y.

45. Cao X, FuM, Bi R, Zheng X, Fu B, Tian S, Liu C, Li Q, Liu J. Cadmium induced
BEAS-2B cells apoptosis and mitochondria damage via MAPK signaling
pathway. Chemosphere. 2021,263:128346.

46. Knoell DL, Wyatt TA. The adverse impact of cadmium on immune function
and lung host defense. Semin Cell Dev Biol. 2021;115:70-6.

47. Mishra KP. Lead exposure and its impact on immune system: a review.
Toxicol in Vitro. 2009;23(6):969-72.

48. He J, Giusti MM. Anthocyanins: natural colorants with health-promoting
properties. Annu Rev Food Sci Technol. 2010;1:163-87.

49. Baranski M, Srednicka-Tober D, Volakakis N, Seal C, Sanderson R, Stewart GB,
Benbrook C, Biavati B, Markellou E, Giotis C, et al. Higher antioxidant and
lower cadmium concentrations and lower incidence of pesticide residues in
organically grown crops: a systematic literature review and meta-analyses.
BrJ Nutr. 2014;112(5):794-811.

50. MiY, Cheng M, Yu Q SiY. Foliar application of anthocyanin extract regulates
cadmium accumulation and distribution in rice (Oryza sativa L.) at tillering
and booting stages. Ecotoxicol Environ Saf. 2021,224:112647.

51. Valenti L, Riso P Mazzocchi A, Porrini M, Fargion S, Agostoni C. Dietary antho-
cyanins as nutritional therapy for nonalcoholic fatty Liver Disease. Oxid Med
Cell Longev. 2013;2013:145421.

52. Wallace TC, Slavin M, Frankenfeld CL. Systematic review of anthocyanins and
markers of cardiovascular disease. Nutrients. 2016;8(1):32.

53. Mehta AJ, Cassidy A, Litonjua AA, Sparrow D, Vokonas P, Schwartz J.

Dietary anthocyanin intake and age-related decline in lung function:
longitudinal findings from the VA normative aging study. Am J Clin Nutr.
2016;103(2):542-50.

54. Ahmad SF, Zoheir KM, Abdel-Hamied HE, Attia SM, Bakheet SA, Ashour
AE, Abd-Allah AR. Grape seed proanthocyanidin extract protects against
carrageenan-induced lung inflammation in mice through reduction of
pro-inflammatory markers and chemokine expressions. Inflammation.
2014;37(2):500-11.

55. OkokoT, Ere D. Hibiscus sabdariffa extractivities on cadmium-mediated
alterations of human U937 cell viability and activation. Asian Pac J Trop Med.
2012;5(1):33-6.

56. Faroon O, Ashizawa A, Wright S, Tucker P, Jenkins K, Ingerman L, Rudisill C.
Toxicological Profile for Cadmium. edn. Atlanta (GA); 2012.

57. Boutten A, Goven D, Artaud-Macari E, Boczkowski J, Bonay M. NRF2 target-
ing: a promising therapeutic strategy in Chronic Obstructive Pulmonary
Disease. Trends Mol Med. 2011;17(7):363-71.

58. van der Vaart H, Postma DS, Timens W, ten Hacken NH. Acute effects of
cigarette smoke on inflammation and oxidative stress: a review. Thorax.
2004;59(8):713-21.

59. BaiW,Wang C, Ren C. Intakes of total and individual flavonoids by US adults.
Int J Food Sci Nutr. 2014;65(1):9-20.

60. Chun OK, Chung SJ, Song WO. Estimated dietary flavonoid intake and major
food sources of USS. adults. J Nutr. 2007;137(5):1244-52.

61. de Ferrars RM, Czank C, Zhang Q, Botting NP, Kroon PA, Cassidy A, Kay CD.
The pharmacokinetics of anthocyanins and their metabolites in humans. Br
JPharmacol. 2014;171(13):3268-82.

62. Czank C, Cassidy A, Zhang Q, Morrison DJ, Preston T, Kroon PA, Botting NP,
Kay CD. Human metabolism and elimination of the anthocyanin, cyanidin-
3-glucoside: a (13)C-tracer study. Am J Clin Nutr. 2013;97(5):995-1003.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1007/s12011-023-03901-y

	Heavy metal levels and flavonoid intakes are associated with chronic obstructive pulmonary disease: an NHANES analysis (2007–2010 to 2017–2018)
	Abstract 
	Background 
	Materials and methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Study population
	Dependent variables
	Independent variables
	Covariate assessment
	Statistical analysis

	Result
	The baseline characteristics of the participants
	Associations between heavy metals, flavonols, and COPD outcomes
	Subgroup analysis

	Discussion
	Conclusion
	Anchor 20
	Acknowledgements
	References


