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Abstract: Chronic obstructive pulmonary disease (COPD) was the third leading cause of death
worldwide in 2019, with a significant disease burden. We conducted a nested case–control study
using data from the China Metal-Exposed Workers Cohort Study (Jinchang Cohort) and assessed
the associations of exposure to metals and tobacco smoking with the risk of COPD. We used the
logistic regression model and the interaction multiplication model to assess the independent and
combined effects of heavy metal and smoke exposure on COPD. The cumulative incidence of COPD
was 1.04% in 21,560 participants during a median of two years of follow-up. The risk of COPD
was significantly elevated with an increase in the amount of tobacco smoked daily (p < 0.05), the
number of years of smoking (ptrend < 0.05), and the number of packs of cigarettes smoked per year
(ptrend < 0.01). Compared with the low metal exposure group, the adjusted OR was 1.22 (95% CI:
0.85–1.76) in the medium exposure group (mining/production workers) and 1.50 (95% CI: 1.03–2.18)
in the high exposure group; smoking and metal exposure had a combined effect on the incidence of
COPD (pinteraction < 0.01), with an OR of 4.60 for those with >40 pack-years of smoking who also had
the highest metal exposures. Both exposures to metals and smoking were associated with the risk of
COPD, and there was an interaction between the two exposures for the risk of COPD.

Keywords: association; metals; smoking; COPD; interaction

1. Introduction

Exposure to metal and metal compounds has substantial effects on human health.
Some heavy metals, such as arsenic (As), cadmium (Cd), nickel (Ni), mercury (Hg),
chromium (Cr), zinc (Zn), and lead (Pb) are major health concerns for the public [1].
Some metals, such as As, Cd, Cr, and Ni have been confirmed as group 1 carcinogenic to
humans by the International Agency for Research on Cancer (IARC) [2]. Exposure to heavy
metals may have adverse health effects, such as cardiometabolic diseases [3–8], neurotoxi-
city [9,10], and respiratory diseases [11–13]. Recent studies have implicated exposure to
metals as being associated with a decline in lung function [14–17]. We previously observed
higher mortality due to lung cancer, cor pulmonale, and silicosis in workers exposed to
heavy metals versus the general population [18]. An increased risk of chronic obstructive
pulmonary disease (COPD) in workers exposed to welding fumes was observed [19], in
addition to a linkage between metal dust and COPD in a case–control study [20]. Epi-
demiologic studies implicated environmental tobacco smoke (ETS), secondhand smoke,
and tobacco smoking as key risk factors for COPD [21–23]. Johannessen et al. found that
children exposed to ETS had double the risk of developing COPD in adulthood than those
not exposed to ETS [24]. The introduction of reduced-risk tobacco would substantially re-
duce COPD-related deaths [25]. However, prospective studies that consider the compound
exposure of multiple metals on the risk of COPD in a large sample are lacking.
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COPD, a worldwide public health challenge, is the third leading cause of death
globally [26,27]. In China, the prevalence, mortality, and disease burden of COPD have
continuously increased over the past decades. The prevalence was 13.7% from 2012 to 2015
among 50,991 adults aged 40 years or older in a national cross-sectional study [27,28].

In this study, we investigated whether exposure to metal and tobacco smoking was as-
sociated with an increased risk of COPD in the China Metal-Exposed Workers Cohort Study
(Jinchang Cohort), a large prospective study of unique metal exposures in occupational
workers [29].

2. Materials and Methods
2.1. Study Population

A nested case–control study was carried out using data from the Jinchang Cohort, an
ongoing prospective cohort study with ~45,000 metal-exposed workers aged 20+ years in
Jinchang Nonferrous Metals Corporation (JNMC). They are routinely exposed to heavy
metals, including nickel, copper, and cobalt, and the chemical processing of materials,
including dust and gaseous pollutants. The details of the design and methods have been
described elsewhere [29]. Briefly, a total of 42,122 participants (61.7% men, and 38.3%
female) were included in the cohort. The baseline survey was conducted between June
2011 and December 2013, and 33,355 participants completed the first follow-up between
January 2014 and December 2015.

The cases included all participants newly diagnosed with COPD in the Jinchang
cohort during the first follow-up period; all cases were self-reported, and the patients had
to provide the date of diagnosis by clinicians at the Workers’ Hospital of Jinchuan Group
Co., Ltd., Jinchang, China). Controls were selected from the Jinchang cohort who were free
of COPD and other respiratory diseases during the same study period. We matched 4:1
controls and cases by age (±3 years) and sex. We excluded those newly enrolled workers
during the follow-up in both the case and control groups. Figure 1 shows the process
of participant selection in this nested-case control study. This study was approved by
the Ethical Committee of the Public Health School of Lanzhou University, and all of the
participants provided informed consent.
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2.2. Data Collection

Several types of data were collected from all participants, including in-person inter-
views, comprehensive physical examinations, laboratory tests, and biosample collection
(all participants provided blood samples, and 20% of participants provided urine samples).
The personal interviews were conducted by trained interviewers through a standardized
and structured questionnaire. The information included demographic, socioeconomic,
lifestyle, dietary, working history, occupational exposure, self-reported medical history,
family history of disease, stress, and psychological status.

2.3. Covariates and Smoking and Metal Exposure Assessment

We assessed smoking history via personal interviews by trained interviewers using
a standardized and structured questionnaire that included an evaluation of their current
smoking status, the age they started smoking and the average number of cigarettes smoked
per day. Smoking status was categorized as current, former, and nonsmoker. Current
smoking was defined as having smoked more than 100 cigarettes before the time of the
interview and currently smoking cigarettes. Former smoking was defined as those who
smoked more than 100 cigarettes, but who had stopped smoking for at least the past
six months. Nonsmoking was defined as the rest of the participants (if the participant
recently started smoking, and had smoked less than 100 cigarettes, but currently smoking,
he/she was regarded as a non-smoker) [30]. Smoking exposure was evaluated by pack-year
(combining smoking duration and tobacco exposure), and one pack-year was defined
as one pack or 20 cigarettes smoked every day over the course of one year [31]. Partici-
pants were categorized by the number of pack-years (≤20 pack-years, 21–39 pack-years,
≥40 pack-years).

The Jinchang Industry contains nine kinds of production and auxiliary service units.
The metal exposure level is different among the various occupational categories in each unit.
The occupational health risk assessment method from the International Mining Association
was combined with the sources of heavy metals, types of heavy metals, working time, the
protection measures of the working environment and other labor hygiene data. Table S1
shows the assessment results of the health risk of heavy metal exposure in the Jinchang
cohort. According to the unit’s classification and occupational categories, metal smelting
workers have the highest health risk of heavy metal exposure, and the risk level is divided
into extremely high (RR = 9.00). In addition, the health risks of heavy metal exposure of
workers in concentrators, miners and technicians are extremely high. The health risk value
for chemical raw material and product production workers is 270, which is divided into very
high grades; beneficiation plant technicians, mining plant office service personnel, metal
metallurgical environmental management workers, mechanical maintenance workers and
transport engineering workers have a high health risk level; those engaged in service and
light industry and transport engineering, metal rolling processing office service personnel
have a low health risk. The situations of extremely high and very high were rarely found.
All high, very high and extremely high were categorized as high groups. In brief, metal
exposure levels were categorized as low, medium, and high groups.

In order to validate the levels of relative metal exposure among different occupational
groups, we measured the urinary levels of nickel (Ni), cobalt (Co), copper (Cu) and 15 other
heavy metals by inductively coupled plasma mass spectrometry (iCAP Q ICP-MS, Thermo
Scientific, Waltham, MA, USA) in a selected subgroup of 500 workers from the biobank of
the Jinchang cohort. We used the standard Reference Material Human Urine (SRM2670a,
National Institute of Standards and Technology, Gaithersburg, MD, USA) as an external
quality control, and we used sample spike recoveries to confirm the analytical recovery,
which was 95%. The subgroup of 500 participants was aged from 20 to 50 years, half men
and half women, and was matched by age and sex among three groups based on their
occupation. There were 100 office workers (including service staff and managers) with
presumed low levels of metal exposure, 200 mining/production workers (including chemi-
cal and metal products manufacturing workers, and the workers involved in mining and
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ore dressing) with presumed medium levels of metal exposure, and 200 smelting/refining
workers with presumed high levels of metal exposure. The same detailed method of
occupational metal exposure assessment has been described elsewhere [32,33].

2.4. Statistical Analysis

We calculated the cumulative incidence, in which the numerator was the new cases of
COPD during the first follow-up, and the denominator was the total participants without
COPD during the same period. We used the Kruskal–Wallis test to compare the urine levels
of metals between the three occupational categories. We used conditional/multivariable
logistic regression analysis to calculate the odds ratios (ORs) and 95% confidence inter-
vals (CIs) for the association of metal and smoking exposures with the risks of COPD,
adjusting for potential confounders including age, sex, race, educational level, working
years, marital status, and body mass index (BMI, normal weight [<25 kg/m2], overweight
[25–29.9 kg/m2], and obese [≥30 kg/m2]). The interaction effects between metal exposure
and tobacco smoking were evaluated by including cross-product terms in the model. All
analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC, USA). All reported
p-values were based on two-sided tests with a significance level of 0.05.

3. Results

The cumulative incidence of COPD was 1.04% (224/21,560) during the period of the
first follow-up of two years among 21,560 participants without COPD history. A total of
1120 participants were included in this nested case–control study, including 224 cases and
896 controls.

The characteristics of the COPD cases and matched controls nested within the Jinchang
cohort are summarized in Table 1. There were 725 males (64.73%) and 395 females (35.27%)
in this study, wherein 97.68% were Han Chinese, 31.61% were office workers, 39.37% were
mining/production workers, and 29.02% were smelting/refining workers. The mean age
was 57.43 ± 2.58 years. All characteristics except education level and occupation did not
show significant differences between the cases and controls.

Table 1. Distribution of the characteristics of the COPD cases and matched controls nested at first
follow-up period within the Jinchang Cohort Study membership.

Characteristics Cases (n = 224) Controls (n = 896) p

Sex
Male 145 580

Female 79 316 p > 0.05
Age group

21–34 8 33
35–49 60 205 p > 0.05
50–65 89 411 p > 0.05
65~ 67 247 p > 0.05

Race
Han Chinese 218 876
Hui Chinese 5 12 p > 0.05

Other ethnic groups 1 8 p > 0.05
Education level

No normal education 12 70
Primary school 54 194 p > 0.05
Middle school 68 231 p > 0.05
High school 60 160 p < 0.05

College or higher 30 241 p > 0.05



Int. J. Environ. Res. Public Health 2022, 19, 10896 5 of 11

Table 1. Cont.

Characteristics Cases (n = 224) Controls (n = 896) p

Working years
0~9.99 15 52

10~19.99 19 68 p > 0.05
20~29.99 90 350 p > 0.05

30~ 100 426 p > 0.05
Marital status
Never married 3 18

Married 192 779 p > 0.05
Remarried 3 16 p > 0.05
Divorced 6 25 p > 0.05
Widowed 20 58 p > 0.05

BMI (kg/m2)
~25 137 576

25~29.9 79 297 p > 0.05
29.9~ 8 23 p > 0.05

Occupational classification
Cadre 30 228

Worker * 167 585 p < 0.01
Technical staff 7 27 p > 0.05

Office service staff 20 56 p < 0.01
* Workers are defined the mining/production workers (including chemical and metal products manufacturing
workers and the workers involved in mining and ore dressing), the smelting workers and the refining workers.

Table 2 shows the urinary nickel, cobalt, and copper concentration in the 500 workers
who verified the definitions of low, medium, and high exposure to metal in the Jinchang
Cohort. The median concentration of urinary nickel, cobalt, and copper was 3.26 ug/L Cre-
atinine, 0.43 ug/L Creatinine, and 12.16 ug/L Creatinine in office workers, 4.03 ug/L Crea-
tinine, 0.52 ug/L Creatinine, and 11.33 ug/L Creatinine in mining/production workers and
4.55 ug/L Creatinine, 0.49 ug/L Creatinine, and 11.30 ug/L Creatinine in smelting/refining
workers, respectively. The levels of nickel were significantly different among the three occu-
pational categories, whereas there was no significant difference in both urinary cobalt and
urinary copper between the three occupational categories. However, the levels of nickel,
copper, and cobalt were significantly different among the three occupational categories in
the selected male workers (p for all < 0.01). The concentration details have been described
elsewhere [31].

Table 2. The concentrations of major urinary metals among three occupational categories in the
Jinchang cohort (ug/L Creatinine).

Occupational Categories N 5th 25th Median 75th 95th H * p *

Nickel
Low 100 1.26 2.14 3.26 5.70 14.51

14.84 0.001Medium 200 1.24 2.35 4.03 5.82 11.49
High 200 1.30 2.73 4.55 8.28 30.79

Cobalt
Low 100 0.19 0.27 0.43 0.79 2.25

3.10 0.213Medium 200 0.19 0.30 0.52 0.95 2.35
High 200 0.19 0.31 0.49 1.01 2.61

Copper
Low 100 7.27 9.66 12.16 15.53 40.95

3.50 0.174Medium 200 6.59 8.70 11.33 14.69 24.33
High 200 6.26 8.75 11.30 15.18 28.66

* Using the Kruskal–Wallis test.

Table 3 shows the associations between smoking exposure and the odds of COPD.
Fewer than half (n = 548) of the participants were classified as current or former smokers.
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The adjusted OR was 1.51 (95% CI: 1.11–2.05) for those who were current or former smokers
compared to nonsmokers (p < 0.01). The risk of COPD was also significantly increased
with the increase in the number of cigarettes smoked daily (p < 0.05) and years smoked
(p for trend < 0.05). After adjusting for potential confounders, a significant positive trend
(p for trend < 0.01) was observed between COPD and an increase in the pack-years of
smokers versus nonsmokers: adjusted OR = 0.57 (95% CI: 0.34, 0.96) for the lowest expo-
sure (pack years < 20); adjusted OR = 1.66 (95% CI: 1.11, 2.46) for the medium exposure
(20 < pack years < 40); adjusted OR = 3.11 (95% CI: 2.04, 4.74) for the highest exposure
(pack years > 40).

Table 3. Adjusted OR and 95% CIs for the associations between smoking and the prevalence of COPD
within the Jinchang Cohort Study.

Smoking Category Cases Controls Unadjusted
OR (95% CI) p Adjusted OR

(95% CI) p

Nonsmokers * 94 478 1.0 (Reference)
Current/former smokers 130 418 1.58 (1.18–2.13) 0.00 1.51 (1.11–2.05) 0.00
Cigarettes smoked daily

~20 110 359 1.56 (1.15–2.12) 0.00 1.48 (1.08–2.03) 0.02
20~ 20 59 1.72 (0.99–3.00) 0.054 1.68 (0.95–2.98) 0.08

p for trend p < 0.01 p < 0.05
Years smoked

~15 13 36 1.84 (0.94–3.59) 0.08 1.81 (0.90–3.62) 0.10
16~30 35 139 1.28 (0.83–1.97) 0.26 1.28 (0.82–1.99) 0.28

30~ 82 243 1.72 (1.23–2.40) 0.00 1.59 (1.12–2.26) 0.01
p for trend p < 0.05 p < 0.05
Pack-years

~20 20 161 0.54 (0.31–0.94) 0.04 0.57 (0.34–0.96) 0.04
21–39 53 155 1.76 (1.21–2.55) 0.00 1.66 (1.11–2.46) 0.01
40~ 57 102 2.84 (1.92–4.21) 0.00 3.11 (2.04–4.74) 0.00

p for trend p < 0.01 p < 0.01
Age of starting smoking

~20 69 213 1.65 (1.16–2.34) 0.00 1.51 (1.05–2.17) 0.026
21–30 54 180 1.53 (1.05–2.22) 0.03 1.52 (1.03–2.24) 0.034
30~ 7 25 1.42 (0.60–3.39) 0.42 1.35 (0.56–3.27) 0.51

p for trend p < 0.05 p = 0.08

* Referent group in all sections is ‘nonsmokers’.

Table 4 shows the association between metal exposure and the odds of COPD by
smoking status. The adjusted OR was 1.22 (95% CI: 0.85–1.76) in the medium group
(mining/production workers) and 1.50 (95% CI: 1.03–2.18) in the high group (smelting/
refining workers), compared with the low group (office workers). However, statistically
significant associations were not observed based on occupational category between both
current/former smokers and nonsmokers (p > 0.05).

Table 5 shows the multiplicative interaction between smoking and metal exposure
for COPD within the Jinchang Cohort. A statistically significant joint effect between metal
exposures and smoking was observed in the prevalence of COPD (p interaction < 0.01).
The OR of high metal exposure was 1.62 in nonsmokers but 4.60 in the heaviest smokers.
The highest prevalence of COPD was observed for the office workers who had the highest
pack-years.



Int. J. Environ. Res. Public Health 2022, 19, 10896 7 of 11

Table 4. Adjusted ORs and 95% CIs between heavy metals and prevalence of COPD within the
Jinchang Cohort Study membership, stratified by smoking status.

Occupational
Category

All Current and Former Smokers Nonsmokers

Cases Controls OR (95% CI) p Cases Controls OR (95% CI) p Cases Controls OR (95% CI) p

Low 60 294 1.0
(Reference) 28 85 1.0

(Reference) 32 209 1.0
(Reference)

Medium 88 353 1.22
(0.85–1.76) 0.28 56 205 0.83

(0.49–1.39) 0.48 32 148 1.41
(0.83–2.41) 0.21

High 76 249 1.50
(1.03–2.18) 0.04 46 128 1.09

(0.63–1.88) 0.78 30 121 1.62
(0.94–2.80) 0.09

p for trend p > 0.05 p > 0.05 p > 0.05

Table 5. Multiplicative interaction between metal and smoking exposure for prevalence of COPD
within the Jinchang Cohort Study membership.

Pack-Years

Occupational Category, OR (95% CI)

Low
(Office Workers)

Medium
(Production Workers)

High
(Smelting/Refining Workers)

OR (95% CI) p OR (95% CI) p OR (95% CI) p

Nonsmokers 1.0 (Reference) 1.41 (0.83–2.41) 0.17 1.62 (0.94–2.80) 0.12
~20 1.12 (0.44–2.87) 0.90 0.58 (0.23–1.44) 0.70 0.90 (0.39–2.06) 0.24

21–39 1.55 (0.68–3.50) 0.13 2.21 (1.23–3.97) 0.00 2.89 (1.50–5.56) 0.00
40~ 2.08 (0.97–3.86) 0.00 2.59 (1.43–4.70) 0.00 4.60 (2.29–9.21) 0.00

p for trend p < 0.01 p < 0.01 p < 0.01
p-interaction p < 0.01

4. Discussion

In this study, we examined the interaction of exposures to heavy metal and tobacco
smoking on the risk of COPD in occupational workers in a large prospective cohort in
China with two years of follow-up. We observed that both occupational metal exposure
and higher smoking exposure were individually associated with an increased risk of COPD.
The highest risk of COPD was observed in those with the highest exposures to both metals
and smoke. Meanwhile, the joint effects between smoking and metal exposure levels were
observed for the risk of COPD.

Tobacco smoking was first confirmed as an independent risk factor for COPD in 1955
by Oswald and Medvei [34]. Much research has found that exposure to tobacco smoke is
significantly associated with an increased incidence of, mortality from, and prevalence of
COPD. In addition, a review presented that smoking cessation could reduce the decline in
lung function and stop the progression of COPD, as well as increase the survival rate and
reduce morbidity [35]. The adverse effects of smoking for COPD observed in this study
were in line with prior studies, a significant positive trend was observed between COPD
and an increase in pack-years in this study.

Meanwhile, another study showed that more than 50% of the cases of COPD were
attributed to nonsmoking risk factors and up to 30% of COPD cases were attributed to
occupational exposure [34]. The current study indicated a similar association between metal
exposure and the odds of COPD. With the increase in the level of metal exposure, the risk of
COPD was elevated. Moreover, a cohort study explored the relationship between occupa-
tional exposure to biological dusts, mineral dusts, gases/fumes, either vapors, gases, dusts,
or fumes (VGDF) and moderate severity of COPD [36]. Tynes et al. reported that the risk of
respiratory symptoms from exposure to metal dust/fumes was OR = 1.9 (95% CI: 1.3–2.7),
and the joint effect of smoking and metal dust/fumes was OR = 7.0 (95% CI: 4.0–12.1) [37].
Hu et al. indicated a significant dose-dependent reduction in lung function and increased
risks of COPD in coke oven workers in southeast China [38]. Gogoi et al. demonstrated
a significant elevation in the levels of plasma heavy metals in COPD patients compared
to a control group [39]. A study on the relationship between occupational exposure and
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the clinical features of COPD showed that those with COPD reported more symptoms
associated with occupational exposure, even if they had a history of smoking [40]. The
European Human Biomonitoring Initiative (HBM4EU) review of the scope of COPD and
environmental substances reported that exposure to Pb was associated with COPD, while
Cd, Cr, and As may be associated with COPD and/or decreased lung function [41]. In this
study, we did not determine which specific metals may lead to an increased risk of COPD.
Therefore, the quantitative assessment of metal exposure and the relationship between
individual metals and the risk of COPD will be further studied.

At present, patients with COPD are not exposed to one single substance in the en-
vironment, and it is particularly important to study the interaction between exposed
substances [41]. Boggia et al. confirmed a significant interaction (p < 0.001) between smok-
ing and occupational exposure on the risk of COPD and increased risk among workers
exposed to both risk factors (ExpB:2.51) [42]. Blanc et al. found that smoking and occupa-
tion were powerful and interactive factors in developing COPD [43]. In addition, a study
on the effects of thallium and smoking exposure on lung function suggested that smoking
can enhance the harmful effects of high thallium on lung function, and the preliminary
analysis was that this may be due to increased inflammation [44]. The results of this study
were consistent with those of the above studies, indicating that smoking and heavy metal
exposure had an interactive effect on the pathogenesis of COPD.

Our study had several strengths. Firstly, it was based on a large sample size prospective
cohort study, and we achieved a whole assessment of lifetime occupations and smoking
history. Secondly, we confirmed the association between metal exposure and COPD among
people who have never smoked, thus ruling out any potential confounding effect of
smoking exposure and COPD. These results suggested that studies among people who
have never smoked should be performed when evaluating health outcomes in relation to
metal exposure. Thirdly, we compared the characteristics between 224 cases of COPD and
896 controls in the nested case–control group and adjusted the potential confounders.

Nevertheless, there were some limitations that need to be considered. Firstly, the
diagnosis of COPD was based on self-report in this study, which will result in some
potential bias for confirmation with new cases of COPD and the lack of data on forced
expiratory volume in 1s (FEV1)/forced vital capacity (FVC) for all participants. The patients
who self-reported as having COPD were asked to have the diagnosis confirmed at the
Workers’ Hospital of Jinchuan Group Co., Ltd., and they provided the accurate time of
diagnosis to minimize the diagnostic bias. Secondly, the individual metal exposure was
qualitatively quantified due to the lack of data on metal levels in the workplace air and the
urinary metal levels of 80% in participants. The urinary metal levels were determined in a
small subsample of three occupational categories to reduce the exposure misclassification.
Finally, the sample size of this study was relatively small. More meaningful research
results will be further expected within this ongoing prospective study as follow-up accrues.
Furthermore, heavy metals as one of the harmful chemicals in tobacco smoke may be
accumulated in tissues and fluids after smoking. So more meticulous research is needed to
confirm the dose–response effect.

5. Conclusions

In conclusion, in this nested case-control study using data from the Jinchang Cohort,
associations between exposure to metals and tobacco smoking with the risk of COPD were
found. Concerning the adverse effects due to the interaction between exposure to metals
and smoking on the risk of COPD, future prospective studies are necessary to confirm
the dose–response relationship between the urinary/blood concentrations of the specific
metals in workers and the risk of COPD to clarify the role of metal exposure and smoking
in the pathogenesis of COPD.



Int. J. Environ. Res. Public Health 2022, 19, 10896 9 of 11

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph191710896/s1, Table S1: Health risk assessment results of
heavy metal exposure in the Jinchang cohort.

Author Contributions: Conceptualization, Methodology, Validation, Writing—Original draft, Writing—
Reviewing and Editing, Supervision, L.M.; Writing—Reviewing and Editing, Methodology, English
modifying, A.Y.; Writing—Reviewing and Editing, Software, Methodology, X.H.; Writing—Reviewing
and Editing, S.Y., H.K. and M.Z. Conceptualization, Supervision, Y.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (81803308)
and Fundamental Research Funds for the Central Universities (lzujbky-2021-23).

Institutional Review Board Statement: The study was approved by the ethics committee of the
School of Public Health, Lanzhou University according to the guidelines of the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: We thank the National Natural Science Foundation of China for support. Thanks
to the staff who contributed to the establishment of the Jinchang cohort. Thanks to the doctors and
nurses of Jinchuan Group Co., Ltd. Staff Hospital for their help in sample collection, and thank the
research team of Lanzhou University for their help in the questionnaire survey and data collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rehman, K.; Fatima, F.; Waheed, I.; Akash, M.S.H. Prevalence of exposure of heavy metals and their impact on health consequences.

J. Cell. Biochem. 2018, 119, 157–184. [CrossRef] [PubMed]
2. Armstrong, B.; Baverstock, K.; Brenner, D.; Cardis, E.; Green, A.; Guilmette, R.; Hall, J.; Hill, M.; Hoel, D.; Krewski, D.; et al. IARC

Monographs on the Evaluation of Carcinogenic Risks to Humans. Volume 100. A Review of Human Carcinogens. Part D: Radiation; WHO:
Geneva, Switzerland, 2012; Volume 100, ISBN 978-92-832-1321-5.

3. Chen, Y.; Parvez, F.; Gamble, M.; Islam, T.; Ahmed, A.; Argos, M.; Graziano, J.H.; Ahsan, H. Arsenic exposure at low-to-moderate
levels and skin lesions, arsenic metabolism, neurological functions, and biomarkers for respiratory and cardiovascular diseases:
Review of recent findings from the Health Effects of Arsenic Longitudinal Study (HEALS) in Bangladesh. Toxicol. Appl. Pharmacol.
2009, 239, 184–192. [CrossRef]

4. States, J.C.; Srivastava, S.; Chen, Y.; Barchowsky, A. Arsenic and cardiovascular disease. Toxicol. Sci. 2009, 107, 312–323. [CrossRef]
[PubMed]

5. Wang, X.; Mukherjee, B.; Park, S.K. Associations of cumulative exposure to heavy metal mixtures with obesity and its comorbidities
among U.S. adults in NHANES 2003–2014. Environ. Int. 2018, 121, 683–694. [CrossRef] [PubMed]

6. Chowdhury, R.; Ramond, A.; O’Keeffe, L.M.; Shahzad, S.; Kunutsor, S.K.; Muka, T.; Gregson, J.; Willeit, P.; Warnakula, S.; Khan, H.
Environmental toxic metal contaminants and risk of cardiovascular disease: Systematic review and meta-analysis. BMJ 2018,
362, k3310. [CrossRef] [PubMed]

7. Yang, A.-M.; Lo, K.; Zheng, T.-Z.; Yang, J.-L.; Bai, Y.-N.; Feng, Y.-Q.; Cheng, N.; Liu, S.-M. Environmental heavy metals and
cardiovascular diseases: Status and future direction. Chronic Dis. Transl. Med. 2020, 6, 251–259. [CrossRef]

8. Yang, J.; Chan, K.; Choi, C.; Yang, A.; Lo, K. Identifying effects of urinary metals on type 2 diabetes in US adults: Cross-sectional
analysis of National Health and Nutrition Examination Survey 2011–2016. Nutrients 2022, 14, 1552. [CrossRef]

9. Jiang, L.-F.; Yao, T.-M.; Zhu, Z.-L.; Wang, C.; Ji, L.-N. Impacts of Cd(II) on the conformation and self-aggregation of Alzheimer’s
Tau fragment corresponding to the third repeat of microtubule-binding domain. Biochim. Biophys. Acta Proteins Proteom. 2007,
1774, 1414–1421. [CrossRef]

10. Khalil, N.; Morrow, L.A.; Needleman, H.; Talbott, E.O.; Wilson, J.W.; Cauley, J.A. Association of cumulative lead and neurocogni-
tive function in an occupational cohort. Neuropsychology 2009, 23, 10–19. [CrossRef]

11. Hamzah, N.A.; Mohd Tamrin, S.B.; Ismail, N.H. Metal dust exposure and lung function deterioration among steel workers: An
exposure-response relationship. Int. J. Occup. Environ. Health 2016, 22, 224–232. [CrossRef]

12. Cobanoglu, U.; Demir, H.; Sayir, F.; Duran, M.; Mergan, D. Some mineral, trace element and heavy metal concentrations in lung
cancer. Asian Pac. J. Cancer Prev. 2010, 11, 1383–1388. [PubMed]

13. Järup, L. Hazards of heavy metal contamination. Br. Med. Bull. 2003, 68, 167–182. [CrossRef] [PubMed]
14. Alif, S.M.; Dharmage, S.; Benke, G.; Dennekamp, M.; Burgess, J.; Perret, J.L.; Lodge, C.; Morrison, S.; Johns, D.P.; Giles, G.; et al.

Occupational exposure to solvents and lung function decline: A population based study. Thorax 2019, 74, 650–658. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/ijerph191710896/s1
https://www.mdpi.com/article/10.3390/ijerph191710896/s1
http://doi.org/10.1002/jcb.26234
http://www.ncbi.nlm.nih.gov/pubmed/28643849
http://doi.org/10.1016/j.taap.2009.01.010
http://doi.org/10.1093/toxsci/kfn236
http://www.ncbi.nlm.nih.gov/pubmed/19015167
http://doi.org/10.1016/j.envint.2018.09.035
http://www.ncbi.nlm.nih.gov/pubmed/30316184
http://doi.org/10.1136/bmj.k3310
http://www.ncbi.nlm.nih.gov/pubmed/30158148
http://doi.org/10.1016/j.cdtm.2020.02.005
http://doi.org/10.3390/nu14081552
http://doi.org/10.1016/j.bbapap.2007.08.014
http://doi.org/10.1037/a0013757
http://doi.org/10.1080/10773525.2016.1207040
http://www.ncbi.nlm.nih.gov/pubmed/21198297
http://doi.org/10.1093/bmb/ldg032
http://www.ncbi.nlm.nih.gov/pubmed/14757716
http://doi.org/10.1136/thoraxjnl-2018-212267
http://www.ncbi.nlm.nih.gov/pubmed/31028237


Int. J. Environ. Res. Public Health 2022, 19, 10896 10 of 11

15. Liao, S.-Y.; Lin, X.; Christiani, D.C. Occupational exposures and longitudinal lung function decline: Occupational exposure and
lung function in FHS. Am. J. Ind. Med. 2015, 58, 14–20. [CrossRef]

16. Jung, J.Y.; Leem, A.Y.; Kim, S.K.; Chang, J.; Kang, Y.A.; Kim, Y.S.; Park, M.S.; Kim, S.Y.; Kim, E.Y.; Chung, K.S. Relationship
between blood levels of heavy metals and lung function based on the korean national health and nutrition examination survey
IV–V. Int. J. Chronic Obstr. Pulm. Dis. 2015, 10, 1559. [CrossRef]

17. Heo, J.; Park, H.S.; Hong, Y.; Park, J.; Hong, S.-H.; Bang, C.Y.; Lim, M.-N.; Kim, W.J. Serum heavy metals and lung function in a
chronic obstructive pulmonary disease cohort. Toxicol. Environ. Health Sci. 2017, 9, 30–35. [CrossRef]

18. Li, M.; Na, B.Y.; Quan, P.H.; Jie, H.; Bassig, B.A.; Min, D.; Wei, Z.Y.; Zhang, Z.T.; Ning, C. A retrospective cohort mortality study in
Jinchang, the largest nickel production enterprise in China. Biomed. Environ. Sci. 2014, 27, 567–571.

19. Koh, D.-H.; Kim, J.-I.; Kim, K.-H.; Yoo, S.-W. Welding fume exposure and chronic obstructive pulmonary disease in welders.
Occup. Med. 2015, 65, 72–77. [CrossRef]

20. Weinmann, S.; Vollmer, W.M.; Breen, V.; Heumann, M.; Hnizdo, E.; Villnave, J.; Doney, B.; Graziani, M.; McBurnie, M.A.;
Buist, A.S. COPD and occupational exposures: A case-control study. J. Occup. Environ. Med. 2008, 50, 561–569. [CrossRef]

21. Eisner, M.D.; Balmes, J.; Katz, P.P.; Trupin, L.; Yelin, E.H.; Blanc, P.D. Lifetime environmental tobacco smoke exposure and the risk
of chronic obstructive pulmonary disease. Environ. Health 2005, 4, 7. [CrossRef]

22. Jindal, S.; Aggarwal, A.; Chaudhry, K.; Chhabra, S.; D’Souza, G.; Gupta, D.; Katiyar, S.; Kumar, R.; Shah, B.; Vijayan, V.; et al. A
multicentric study on epidemiology of chronic obstructive pulmonary disease and its relationship with tobacco smoking and
environmental tobacco smoke exposure. Indian J. Chest Dis. Allied Sci. 2006, 48, 23–29. [PubMed]

23. Fu, Z.; Jiang, H.; Xu, Z.; Li, H.; Wu, N.; Yin, P. Objective secondhand smoke exposure in chronic obstructive pulmonary disease
patients without active smoking: The U.S. National Health and Nutrition Examination Survey (NHANES) 2007–2012. Ann. Transl.
Med. 2020, 8, 445. [CrossRef] [PubMed]

24. Johannessen, A.; Bakke, P.S.; Hardie, J.A.; Eagan, T.M.L. Association of exposure to environmental tobacco smoke in childhood
with chronic obstructive pulmonary disease and respiratory symptoms in adults: Childhood exposure to ETS and COPD.
Respirology 2012, 17, 499–505. [CrossRef] [PubMed]

25. Lee, P.N.; Djurdjevic, S.; Weitkunat, R.; Baker, G. Estimating the population health impact of introducing a reduced-risk tobacco
product into Japan. The effect of differing assumptions, and some comparisons with the U.S. Regul. Toxicol. Pharmacol. 2018,
100, 92–104. [CrossRef] [PubMed]

26. Singh, D.; Agusti, A.; Anzueto, A.; Barnes, P.J.; Bourbeau, J.; Celli, B.R.; Criner, G.J.; Frith, P.; Halpin, D.M.G.; Han, M.; et al. Global
strategy for the diagnosis, management, and prevention of chronic obstructive lung disease: The GOLD Science Committee
Report 2019. Eur. Respir. J. 2019, 53, 1900164. [CrossRef]

27. Wang, C.; Xu, J.; Yang, L.; Xu, Y.; Zhang, X.; Bai, C.; Kang, J.; Ran, P.; Shen, H.; Wen, F.; et al. Prevalence and risk factors of chronic
obstructive pulmonary disease in China (the China Pulmonary Health [CPH] Study): A national cross-sectional study. Lancet
2018, 391, 1706–1717. [CrossRef]

28. Fang, L.; Gao, P.; Bao, H.; Tang, X.; Wang, B.; Feng, Y.; Cong, S.; Juan, J.; Fan, J.; Lu, K.; et al. Chronic obstructive pulmonary
disease in China: A nationwide prevalence study. Lancet Respir. Med. 2018, 6, 421–430. [CrossRef]

29. Bai, Y.; Yang, A.; Pu, H.; Dai, M.; Cheng, N.; Ding, J.; Li, J.; Li, H.; Hu, X.; Ren, X.; et al. Cohort profile: The China metal-exposed
workers cohort study (Jinchang cohort). Int. J. Epidemiol. 2016, 46, 1095–1096e. [CrossRef]

30. World Health Organization. Guidelines for Controlling and Monitoring the Tobacco Epidemic [M]; World Health Organization: Geneva,
Switzerland, 1998.

31. Bernaards, C.M.; Twisk, J.W.R.; Snel, J.; Van Mechelen, W.; Kemper, H.C.G. Is calculating pack-years retrospectively a valid
method to estimate life-time tobacco smoking? A comparison between prospectively calculated pack-years and retrospectively
calculated pack-years. Addiction 2001, 96, 1653–1661. [CrossRef]

32. Yang, A.; Cheng, N.; Pu, H.; Liu, S.; Dai, M.; Zheng, T.; Bai, Y. Occupational metal exposures, smoking and risk of diabetes and
prediabetes. Occup. Med. 2017, 67, 217–223. [CrossRef]

33. Yang, A.; Hu, X.; Liu, S.; Cheng, N.; Zhang, D.; Li, J.; Li, H.; Ren, X.; Li, N.; Sheng, X.; et al. Occupational exposure to heavy
metals, alcohol intake, and risk of type 2 diabetes and prediabetes among Chinese male workers. Chronic Dis. Transl. Med. 2019,
5, 97–104. [CrossRef] [PubMed]

34. Salvi, S. Tobacco smoking and environmental risk factors for chronic obstructive pulmonary disease. Clin. Chest Med. 2014,
35, 17–27. [CrossRef]

35. Tonnesen, P. Smoking cessation and COPD. Eur. Respir. Rev. 2013, 22, 37–43. [CrossRef] [PubMed]
36. Mehta, A.J.; Miedinger, D.; Keidel, D.; Bettschart, R.; Bircher, A.; Bridevaux, P.-O.; Curjuric, I.; Kromhout, H.; Rochat, T.;

Rothe, T.; et al. Occupational exposure to dusts, gases, and fumes and incidence of chronic obstructive pulmonary disease in the
Swiss Cohort Study on Air Pollution and Lung and Heart Diseases in Adults. Am. J. Respir. Crit. Care Med. 2012, 185, 1292–1300.
[CrossRef] [PubMed]

37. Tynes, T.; Løvseth, E.K.; Johannessen, H.A.; Sterud, T.; Skogstad, M. Interaction of smoking with respiratory effects of occupational
dust exposure: A prospective population study among Norwegian men. ERJ Open Res. 2018, 4, 00021-2018. [CrossRef]

38. Hu, Y. Increased risk of chronic obstructive pulmonary diseases in coke oven workers: Interaction between occupational exposure
and smoking. Thorax 2006, 61, 290–295. [CrossRef]

http://doi.org/10.1002/ajim.22389
http://doi.org/10.2147/COPD.S86182
http://doi.org/10.1007/s13530-017-0300-x
http://doi.org/10.1093/occmed/kqu136
http://doi.org/10.1097/JOM.0b013e3181651556
http://doi.org/10.1186/1476-069X-4-7
http://www.ncbi.nlm.nih.gov/pubmed/16482948
http://doi.org/10.21037/atm.2020.03.145
http://www.ncbi.nlm.nih.gov/pubmed/32395489
http://doi.org/10.1111/j.1440-1843.2012.02129.x
http://www.ncbi.nlm.nih.gov/pubmed/22248329
http://doi.org/10.1016/j.yrtph.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/30367904
http://doi.org/10.1183/13993003.00164-2019
http://doi.org/10.1016/S0140-6736(18)30841-9
http://doi.org/10.1016/S2213-2600(18)30103-6
http://doi.org/10.1093/ije/dyw223
http://doi.org/10.1046/j.1360-0443.2001.9611165311.x
http://doi.org/10.1093/occmed/kqw078
http://doi.org/10.1016/j.cdtm.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31367698
http://doi.org/10.1016/j.ccm.2013.09.011
http://doi.org/10.1183/09059180.00007212
http://www.ncbi.nlm.nih.gov/pubmed/23457163
http://doi.org/10.1164/rccm.201110-1917OC
http://www.ncbi.nlm.nih.gov/pubmed/22492989
http://doi.org/10.1183/23120541.00021-2018
http://doi.org/10.1136/thx.2005.051524


Int. J. Environ. Res. Public Health 2022, 19, 10896 11 of 11

39. Gogoi, K.; Manna, P.; Dey, T.; Kalita, J.; Unni, B.G.; Ozah, D.; Baruah, P.K. Circulatory heavy metals (Cadmium, Lead, Mercury, and
Chromium) inversely correlate with plasma GST activity and GSH level in COPD patients and impair NOX4/Nrf2/GCLC/GST
signaling pathway in cultured monocytes. Toxicol. Vitr. 2019, 54, 269–279. [CrossRef]

40. Caillaud, D.; Lemoigne, F.; Carré, P.; Escamilla, R.; Chanez, P.; Burgel, P.-R.; Court-Fortune, I.; Jebrak, G.; Pinet, C.; Perez, T.; et al.
Association between occupational exposure and the clinical characteristics of COPD. BMC Public Health 2012, 12, 302. [CrossRef]

41. Elonheimo, H.M.; Mattila, T.; Andersen, H.R.; Bocca, B.; Ruggieri, F.; Haverinen, E.; Tolonen, H. Environmental substances
associated with chronic obstructive pulmonary disease—A scoping review. Int. J. Environ. Res. Public Health 2022, 19, 3945.
[CrossRef]

42. Boggia, B.; Farinaro, E.; Grieco, L.; Lucariello, A.; Carbone, U. Burden of smoking and occupational exposure on etiology of
chronic obstructive pulmonary disease in workers of southern sItaly. J. Occup. Environ. Med. 2008, 50, 366–370. [CrossRef]

43. Blanc, P.D.; Iribarren, C.; Trupin, L.; Earnest, G.; Katz, P.P.; Balmes, J.; Sidney, S.; Eisner, M.D. Occupational exposures and the risk
of COPD: Dusty trades revisited. Thorax 2008, 64, 6–12. [CrossRef] [PubMed]

44. Dai, J.; Wu, X.; Bai, Y.; Feng, W.; Wang, S.; Chen, Z.; Fu, W.; Li, G.; Chen, W.; Wang, G.; et al. Effect of thallium exposure and
its interaction with smoking on lung function decline: A prospective cohort study. Environ. Int. 2019, 127, 181–189. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.tiv.2018.10.010
http://doi.org/10.1186/1471-2458-12-302
http://doi.org/10.3390/ijerph19073945
http://doi.org/10.1097/JOM.0b013e318162f601
http://doi.org/10.1136/thx.2008.099390
http://www.ncbi.nlm.nih.gov/pubmed/18678700
http://doi.org/10.1016/j.envint.2019.03.034
http://www.ncbi.nlm.nih.gov/pubmed/30921669

	Introduction 
	Materials and Methods 
	Study Population 
	Data Collection 
	Covariates and Smoking and Metal Exposure Assessment 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

