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Abstract

Background Previous in vitro and animal experiments have shown that copper plays an important role in cardio-
vascular health. Dietary copper is the main source of copper in the human body and the association between dietary
copper and cardiovascular disease remains unclear. Our study aimed to investigate the associations of dietary copper
intake with the risk of major cardiovascular disease incidence, cardiovascular disease mortality, and all-cause mortality
in Chinese adults.

Methods Our study is based on Prospective Urban Rural Epidemiology China (PURE-China), a large prospective
cohort study of 47 931 individuals aged 35-70 years from 12 provinces in China. Dietary intake was recorded using

a validated semi-quantitative food frequency questionnaire designed specifically for the Chinese population. The daily
intake of copper was obtained by multiplying the daily food intake with the nutrient content provided in the Chinese
Food Composition Table (2002). Cox frailty proportional hazards models were developed to evaluate the association
between dietary copper intake with mortality, major cardiovascular disease events, and their composite.

Results A total of 45 101 participants (mean age: 51.1+9.7 years old) with complete information were included

in the current study. The mean dietary copper intake was 2.6+ 1.1 mg/d. During the 482 833 person-years of follow-
up, 2 644(5.9%) participants died, 4 012(8.9%) developed new cardiovascular diseases, and 5 608(12.4%) participants
experienced the composite endpoint. Compared with those in the first and second quartile of dietary copper intake,
individuals in the third and fourth quantile had higher risk of composite outcomes, all-cause death, cardiovascular dis-
ease death, major cardiovascular disease and stroke occurrences. The associations remained similar in the subgroup
and sensitivity analyses.

Conclusions Our findings demonstrated that excessive dietary copper intake was associated with higher risks
of death and cardiovascular diseases in Chinese adults. Further studies in populations with different dietary character-
istics are needed to obtain dose—response relationships and to refine global dietary recommendations.
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Background

According to the World Health Organization, 17.9 mil-
lion people worldwide die from cardiovascular disease
(CVD) every year, accounting for about 32% of all deaths
[1, 2]. The 2021 China Cardiovascular Health and Disease
Report shows that approximately 330 million patients
currently suffer from CVD in China, equivalent to 46.74%
and 44.26% of all-cause deaths of 2019 in rural and urban
areas, respectively [3]. CVD has been a serious public
health problem in China and globally.

Copper plays a vital part in many life processes such as
energy metabolism, iron uptake, and signaling in eukar-
yotic organisms [4]. Excessive copper ions will bind to
mitochondrial proteins, causing mitochondrial dam-
age, and resulting in proteotoxic stress-mediated cell
death, while insufficient copper in the body may induce
arrhythmias, glucose intolerance, hypercholesterolemia
and so on [5, 6]. The previously reported basic levels for
blood copper were within the range of 0.7 to 1.9 mg/mL
[7-9]. Cuproptosis may lead to the occurrence of vari-
ous diseases, including Wilson’s disease, neurodegenera-
tive diseases, cancer as well as CVDs. As copper cannot
be synthesized and stored in the body, the daily intake is
the main source of serum copper to supply our demands.
Being a potential modifiable risk factor for CVDs, proper
amount of copper intake from diet should be recom-
mended to maintain an optimal serum copper level,
however, the threshold value remains unclear [10]. It is
of great significance to characterize the dose—response
relationship between dietary copper intake and CVD
incidence or mortality for better prevention and manage-
ment of CVD and its related diseases.

The results of prior studies regarding the association
of dietary copper intake with CVDs and death are incon-
sistent. The National Health and Nutrition Examination
Survey (NHANES) collected the dietary copper intake of
study participants through a 24-h dietary recall method.
Several studies including a case—control study, cross-
sectional study, and propensity score-matched analysis
based on this database showed that higher dietary cop-
per intake was associated with lower risk of stroke, myo-
cardial infarction (MI), CVDs, and CVD death [11-14].
A prospective cohort study in 58 646 healthy Japanese
applied a validated self-administered food frequency
questionnaire to calculate the dietary copper intake and
found that dietary copper intake was not associated
with coronary heart disease mortality, but was positively
associated with mortality from total CVD, stroke, and
other CVD deaths [15]. The China Health and Nutrition

Survey, indicated a J-shaped association between dietary
copper intake and mortality [16]. A cohort study con-
ducted in 1054 older British people also showed a sig-
nificantly negative association between total mortality
and baseline dietary copper intake [17]. At present, epi-
demiological studies on dietary copper and the risk of
CVDs and mortality are still inconsistent, and there has
been few large cohort studies to explore the relationship
between copper intake and CVDs in China.

Dietary copper mainly comes from shellfish, animal
liver and kidney, nuts, cereal germ, and beans and Chi-
nese residents mainly consume copper through meat
and meat products, tea, nuts and seeds, and beans [18,
19]. The Prospective Urban Rural Epidemiology (PURE)
China study used a validated food frequency question-
naire (FFQ) covering all aspects of diets (including the
aforementioned items) to collect dietary data, which is
comprehensive enough to estimate the copper intake
among Chinese residents and provides us an opportunity
to examine the effects of dietary copper on cardiovascu-
lar health [20]. Our study aims to explore the association
between dietary copper intake and the risk of major CVD
incidence, CVD mortality, and all-cause mortality based
on dietary data collected from the PURE-China cohort
study.

Methods

Study design and participants

The PURE study is a large-scale ongoing longitudinal
study involving 25 countries from low -, middle-, and
high- income countries since 2003 [21, 22]. The PURE-
China is the largest site of PURE study recruited 47
931 baseline participants from 115 communities (70
urban and 45 rural) in 12 provinces between 2005 and
2009. The details about study design and participant
enrollment have been described elsewhere [21, 23, 24].
Briefly, the locations of PURE-China were grouped into
3 regions: Eastern regions (Beijing, Jiangsu, Shandong,
and Liaoning), Central regions (Shanxi, Jiangxi, and
Inner Mongolia), and Western regions (Yunnan, Qinghai,
Shaanxi, Xinjiang, and Sichuan). Considering the level of
economic development and the possibility of long-term
follow-up, a three-level cluster sampling (province, com-
munity, and household) was used for the selection of
the potential participants. All individuals enrolled in the
study provided written informed consent, and the study
protocol was reviewed and approved by the institutional
review board at Fuwai Hospital of the Chinese Academy
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of Medical Sciences and Beijing Hypertension League
Institute.

All participants were followed up by the trained
research team by face-to-face interviews or telephone
calls until 15/09/2022 to obtain CVD events and under-
lying cause of death. Considering our research objec-
tives, we included subjects with at least one follow-up
and complete copper intake data in the study, exclud-
ing individuals with unreasonable energy intake (<500
or >5000 kcal/day) and baseline age not in the range of
35 to 70 years old. Finally, a total of 47 677 participants
recruited at baseline had at least one follow-up. 45 564
people had complete data on baseline dietary copper
intake, of which 45 459 had plausible energy intake (500—
5000 kcal/day). 358 participants were excluded because
they did not meet the inclusion criteria for age (as shown
in Fig. 1).

Data collection
Standardized questionnaires and a physical examination
were performed at baseline to collect the demographic
factors (age, sex), sociodemographic factors (location,
education, and occupation), lifestyle factors (smoking,
alcohol use, physical activity, and dietary intake), and
health-related variables (anthropometric measurements,
health history and medication use, and family history of
cardiovascular disease).

The location was divided into urban and rural resi-
dences. Education status was categorized into primary
or less, secondary school, and college/trade school/

PURE-China participants who had
at least one follow-up:47,677
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university education. Occupation was classified as pro-
fessionals/managers, skilled workers, unskilled workers,
and homemakers. Smoking and alcohol consumption
status was categorized into smoker or drinker if an indi-
vidual was currently using or had ever used any tobacco
or alcohol products, otherwise they were classified as
a non-smoker or non-alcohol drinker. The long-form
International Physical Activity Questionnaire (IPAQ)
was employed to evaluate the intensities of main types of
physical activity. According to the calculated total physi-
cal activity, individuals’ physical activity was reported as
low, moderate, or high level. Anthropometric measure-
ments included standardized measurements of weight,
height, waist to hip ratio (WHR), body mass index (BMI).
BMI was calculated as weight in kilograms divided by
height in meters squared, and WHR was calculated as
waist circumference divided by hip circumference (cm).
Hypertension was defined as having a diagnosis of hyper-
tension, taking blood pressure-lowering treatment, or
having an average systolic blood pressure of at least
140 mmHg or an average diastolic blood pressure of at
least 90 mmHg (or both). History of diabetes was defined
as self-reported diabetes or taking diabetes-related
medications.

The habitual dietary intake was recorded using a semi-
quantitative FFQ which was specifically designed for
the Chinese population and has been validated in previ-
ous studies. The FFQ was administered to Chinese resi-
dents with multiple 24-h dietary recalls as the reference
method and showed a general well performance [20, 25].

Individuals with incomplete data on

\4

baseline dietary copper intake:2,113

Individuals with complete data on
baseline dietary copper intake: 45,564

Individuals with implausible energy

\ 4

\4

Individuals with plausible energy
intake (500-5000 kcal/day): 45,459

intake (<500 or >=5000 kcal/day):

Individuals who did not meet the

\4

A\ 4

inclusion criteria for age:358

Individuals retained for analysis: 45,101

Fig. 1 Eligible participants and those included in the analyses of the association between dietary copper intake and health outcomes

in PURE-China
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The Chinese-FFQ contains 149 food items, including sta-
ple foods, vegetables, fruits, snacks and nuts, legumes,
unprocessed/processed meats, fish and other sea foods,
eggs, dairy, cooking oil, and condiments. Open-ended
response options for consumption frequency (daily,
weekly, monthly, annual, or never) and average consump-
tion (Liang, equal to 50 g) of each food were designed to
compute the daily dietary intake over the previous year.
Daily intakes of energy and all nutrients were obtained
by multiplying daily food intake with energy and nutri-
ent contents obtained from the China Food Composition
Table (2002). The daily copper intake was estimated by
the summation of the copper content in different foods
(mg/100 g) multiplied by the intake of that food, which is
the same for all macro and micro-nutrients.

Outcomes

The primary outcome was the composite of all-cause
mortality (including CVD mortality and non-CVD mor-
tality) and non-fatal cardiovascular events (including
non-fatal M, stroke, and heart failure (HF)). Secondary
outcomes include CVD mortality, all-cause mortality,
M]I, stroke, and HF. Standard case report forms were used
to record data on major cardiovascular events and mor-
tality during follow-up. Any related medical records or
certificates were asked to be provided. The ascertainment
of clinical events was centrally adjudicated by a trained
clinical event committee (CEC) with the use of standard-
ized definitions according to the case-report forms, death
certificates, medical records, and verbal autopsies. All
outcome events were adjudicated according to the stand-
ard predefined definitions and the International Classifi-
cation of Diseases (ICD)-10 code [26]. And the accuracy
of the event report has been assessed in a small sample,
confirming that the event reports during central adjudi-
cation have sufficient confirmation rate [27]. In the cur-
rent analysis, we included all adjudicated events in the
PURE study database until September 15, 2022.

Statistical analysis

Counts (percentages) for categorical variables and means
(standard deviation, SD) or medians (interquartile range,
IQR) as appropriate for continuous variables were used to
describe the baseline characteristics for the entire cohort
and stratified by copper intake quartiles. Proportions
and means of participants’ characteristics across differ-
ent copper intakes were compared by chi-square test and
Student T-test or Kruskal-Wallis H test as appropriate.
Restricted cubic splines (RCS) with five knots at the 5th,
25th, 50th, 75th, and 95th centiles were performed to test
for linearity and explore the shape of association between
copper intake and the clinical outcomes.
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The association between dietary copper intake and
clinical outcomes was assessed using Cox propor-
tional hazards frailty models with a random intercept of
center-level clustering. The proportional hazard assump-
tions were assessed with log—log plots, and the analy-
sis detected no violation. Covariates were identified
based on previous literature and proposed mechanisms.
Adjusted hazard ratios (HRs) and corresponding con-
fidence intervals (Cls) were computed in the models. In
minimally adjusted model, age, sex, and center (as ran-
dom effects) were included. Then the demographic data;
location(urban/rural), education, occupation, and mar-
riage, the lifestyle covariates (including smoking status,
alcohol use, and physical activity), baseline health con-
ditions (including BMI, history of diabetes, hyperten-
sion, and history of CVDs) and total energy intake were
included in the fully adjusted model.

Interaction between dietary copper intake and other
covariates (sex, age, BMI, location, and hypertension)
was assessed by introducing a multiplication term in the
model. And stratified analysis was used to test the con-
sistency of associations between dietary copper intake
and the clinical outcome between subgroups. In order
to explore the consistency of the association in different
geographical regions, we also conducted subgroup analy-
sis by dividing them into three groups: Eastern, Central
and Western regions. Participants with events occur-
ring during the first 2 years of follow-up were excluded
from the sensitivity analysis to minimize the potential for
reverse causation. The analyses by excluding participants
who had a history of CVD (stroke, angina, heart attack,
coronary artery disease, HF, or other heart diseases) at
baseline were also performed as sensitivity analyses. And
we also excluded patients with CVD disease history, dia-
betes and hypertension for further analysis. In addition,
we supplemented the main model with adjustments for
dietary data, including some macro and micro-nutrients
(e.g. protein, lipid, carbohydrate, fiber, zinc, iron, sodium,
potassium, and magnesium). Two-tailed statistical tests
with P<0.05 were considered statistically significant and
all statistical analyses were conducted using SAS 9.4.

Results

A total of 45,101 participants with complete data on
dietary intake and plausible energy intake at baseline
were included in the current study with an average age
of 51.1+9.7 years old. 18 847(41.8%) of the participants
were male, and 23 201(51.4%) participants were from
rural areas. The median (IQR) was 2.45 (1.85-3.19)
mg/d. Baseline characteristics of the study participants
based on quartiles of dietary copper intake are presented
in Table 1. The participants with higher dietary copper
intake tended to be young men and were more likely to
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Table 1 Participants'baseline characteristics by quartiles of dietary copper intake
Variables Total (N=45101) <1.85mg/d 1.85-2.45 mg/d 2.45-3.19 mg/d >3.19 mg/d
(N=11159) (N=11249) (N=11297) (N=11396)
Copper, mg/d, mean+SD 26+£1.05 15028 2.1+£0.17 2.8+0.21 414078
Age, year, mean=SD 51.1£9.65 523+9.76 51.6£9.65 50.9£9.59 495+9.39
Men, N (%) 18 847(41.8) 3524(31.6) 4333(38.5) 5012(44.4) 5978(52.5)
BMI, kg/m?, mean+SD 24.6+3.66 243+3.67 245+3.65 247+37 247 +3.62
Rural, N (%) 23201(514) 5924(53.1) 5594(49.7) 5650(50) 6 033(52.9)
Married, N (%) 42 475(94.4) 10261(92.2) 10581(94.2) 10 685(94.8) 10 948(96.2)
Education, N (%)
Low 15391(34.2) 4403(39.6) 3810(34) 3563(31.6) 3615(31.8)
Medium 22959(51) 5483(49.3) 5697(50.8) 5888(52.2) 5891(51.8)
High 6 629(14.7) 1229(11.1) 1713(15.3) 1827(16.2) 1860(16.4)
Occupation, N (%)
Professional/managers 5680(12.6) 1175(10.6) 1520(13.6) 1542(13.7) 1443(12.7)
Skilled workers 15623(34.8) 3609(32.5) 3978(35.5) 4012(35.6) 4024(354)
Unskilled workers 16014(35.6) 3618(32.6) 3631(324) 4086(36.3) 4679(41.2)
Homemaker 7628(17) 2710(24.4) 2078(18.5) 1631(14.5) 1209(10.6)
Current Smoker (%) 12 198(27.5) 2374(21.8) 2912(26.3) 3184(28.6) 3728(33.1)
Current Drinker (%) 10 924(24.5) 2095(19.2) 2587(23.2) 2875(25.7) 3367(29.9)
Physical activity, N (%)
Low 6 889(15.5) 2060(18.6) 1637(14.8) 1623(14.6) 1569(14)
Moderate 18781(42.2) 4976(45) 4828(43.6) 4601(41.3) 4376(39.1)
High 18791(42.3) 4011(36.3) 4616(41.7) 4927(44.2) 5237(46.8)
Hypertension, N (%) 18713(41.6) 4500(40.4) 4628(41.2) 4.837(42.9) 4748(41.8)
History of diabetes, N (%) 3779(84) 1145(10.3) 966(8.6) 886(7.8) 782(6.9)
History of CVD, N (%) 3791(84) 954 (8.5) 993 (8.8) 998 (8.8) 846 (7.4)
Energy, kcal/day, mean+SD 1964+ 667 1346+ 394 1766426 2058 £441 2672 +559
Composite outcome, N (%) 5608(124) 1353(12.1) 1343(11.9) 1434(12.7) 1478(13.0)
CVDincidence 4012(8.9) 918(8.2) 927(8.2) 1051(9.3) 1116(9.8)
Stroke incidence 2811(6.2) 634(5.7) 633(5.6) 755(6.7) 789(6.9)
Ml incidence 1119(2.5) 267(2.4) 289(2.6) 269(2.4) 294(2.6)
HF incidence 314(0.7) 72(0.6) 63(0.6) 80(0.7) 99(0.9)
All-cause mortality 2 644(5.9) 722(6.5) 643(5.7) 634(5.6) 645(5.7)
CVD mortality 955(2.1) 273(24) 201(1.8) 236(2.1) 245(2.1)

BMI Body mass index, CVD Cardiovascular disease, HF Heart failure, Ml Myocardial infarction

be current smoker and drinker. Homemakers tends to
take a lower copper intake. Participants who consume
more copper from their diet often have higher levels of
physical activity and total energy intake. After a median
of 11.9 years of follow-up, 5 608(12.4%) composite out-
comes, including 2 644(5.9%) death and 4 012(8.9%)
major cardiovascular events happened.

We explored the dose—response relationship between
dietary copper intake with CVDs and death using
restricted cubic splines (as shown in Fig. 2 and Sup-
plemental eFigure 1). The results suggested a linear
association between dietary copper intake of more
than 2.45 mg/d and the composite outcome (P for non-
linearity test>0.05). As shown in Table 2, the age and

sex-adjusted model showed insignificant associations
between dietary copper intakes with health outcomes.
However, after additional adjustment for other CVD
risk factors, compared with those in the lowest quartile
of dietary copper intake, the risk of the composite out-
come was significantly higher (HR, 1.10; 95% CI, 1.00-
1.22 for the third quartile; HR, 1.17; 95% CI, 1.02-1.34
for the highest quartile; P for trend=0.01). For indi-
vidual outcomes, dietary copper intake of more than
2.45 mg/d was positively associated with of all-cause
mortality, CVD mortality, major CVD risk and stroke
risk. There was no significant association between cop-
per intake and risk of HF and MI incidence. Further
adjustments for the intakes of macronutrients and
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Association between dietary copper intake and the composite
outcome
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Fig. 2 Restricted cubic spline plots between dietary copper intake and the composite outcome

micronutrients such as protein, lipid, carbohydrate,
fiber, zinc, iron, sodium, potassium, and magnesium
did not change the results (Table 2).

Interaction analysis indicated that location and
hypertension play a role in the impact of dietary cop-
per intake on cardiovascular events and mortality
risk (P for interaction<0.05). Stratified analyses were
performed to further assess the relations of energy-
adjusted dietary copper intake with health in various
subgroups. We found stronger association between
copper intake and primary outcome among urban
residence and individuals with history of hyperten-
sion. Similar patterns were observed for secondary
outcomes. Besides, dietary copper had a more signifi-
cant impact on composite outcomes, CVD events, and
stroke in the central population (as shown in Supple-
mental eFigure 2—8). After excluding people with a his-
tory of CVD, people with hypertension, diabetes, as
well as a history of CVD or individuals who had out-
comes of interest in the first 2 years of follow-up, find-
ings remained almost unchanged (as shown in eTable 1
in Additional file 1).

Discussion

Our prospective cohort study based on a larger popula-
tion and showed novel evidence that increasing dietary
copper intake was associated with a higher risk of all-
cause mortality, CVD mortality, CVD incidence, stroke
incidence, and the composite outcomes.

Previous epidemiological studies on the association
between dietary copper intake and CVD incidence
were mostly conducted in the United States [11-13,
15, 16]. A case—control study based on the NHANES
showed that the group with the highest dietary cop-
per intake had a significantly lower risk of stroke [11].
The RCS model in this study showed an L-shaped non-
linear relationship between copper intake and stroke,
whereas our study showed a higher risk of stroke when
dietary copper intake was greater than 2.45mg/d. Such
inconsistent results with our study also appear in the
relationship between dietary copper intake and MI
and total CVD incidence in the NHANES population
[12, 13]. The possible explanation for these disparities
is the variations in dietary copper intake of the two
study populations (2.45 (IQR:1.85-3.19) mg/d in our
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Table 2 The relationship between intake of copper and health outcomes ®
Dietary copper intake P for trend
HR (95%Cl)
<1.85mg/d 1.85-2.45 mg/d 2.45-3.19 mg/d >3.19 mg/d
Composite outcome
Minimal model 1.00 (reference) 0.95(0.88,1.02) 0.98(0.90,1.05) 0.98(0.91,1.06) 0.8580
Main model 1.00 (reference) 1.02(0.94,1.12) 1.10(1.00,1.22)° 1.17(1.02,1.34)° 0.0148°
Main model + Nutrients 1.00 (reference) 1.01(0.92,1.11) 1.07(0.96,1.20) 1.10(0.94,1.29) 0.1756
CVDincidence
Minimal model 1.00 (reference) 0.95(0.87,1.05) 1.01(0.92,1.10) 1.03(0.93,1.13) 03675
Main model 1.00 (reference) 1.03(0.92,1.14) 1.14(1.01,1.29)° 1.25(1.06,1.47)° 0.0038°
Main model + Nutrients 1.00 (reference) 1.00(0.90,1.12) 1.10(0.96,1.25) 1.15(0.95,1.39) 0.1004
Stroke incidence
Minimal model 1.00 (reference) 0.93(0.83,1.04) 1.04(0.93,1.16) 1.07(0.95,1.19) 0.0937
Main model 1.00 (reference) 1(0.88,1.13) 1.20(1.04,1.38)° 1.35(1.12,1.64)° 0.0004°
Main model+ Nutrients 1.00 (reference) 0.98(0.86,1.12) 1.16(0.99,1.36) 1.27(1.01,1 59)'D 0.0176°
HF incidence
Minimal model 1.00 (reference) 0.80(0.54,1.18) 0.99(0.68,1.43) 1.15(0.80,1.67) 0.2602
Main model 1.00 (reference) 0.87(0.57,1.33) 1.05(0.65,1.68) 1.16(0.61,2.19) 0.5525
Main model + Nutrients 1.00 (reference) 0.92(0.59,1.43) 1.21(0.72,2.04) 1.48(0.71,3.11) 0.2624
Ml incidence
Minimal model 1.00 (reference) 1.02(0.87,1.21) 0.90(0.76,1.07) 0.92(0.77,1.09) 01712
Main model 1.00 (reference) 1.13(0.93,1.37) 1.03(0.82,1.29) 1.07(0.78,1.46) 0.8730
Main model+ Nutrients 1.00 (reference) 1.07(0.88,1.30) 0.92(0.72,1.17) 0.86(0.60,1.23) 0.3125
All-cause mortality
Minimal model 1.14(1.03,1.27) 1.00 (reference) 1.00(0.89,1.11) 1.01(0.91,1.14) — ¢
Main model 0.98(0.89,1.09) 1.00 (reference) 1.13(1.02,1.24)P 1.22(1.08, 1.39)° —_
Main model+ Nutrients 1.03(0.91,1.17) 1.00 (reference) 1.04(0.92,1.18) 1.03(0.86,1.25) —
CVD mortality
Minimal model 1.34(1.13,1.63) 1.00 (reference) 1.15(0.95,1.39) 1.16(0.96,1.41) —
Main model 1.16(0.94,1.43) 1.00 (reference) 1.26(1.02,1.54)° 1.30(0.99,1.70) —
Main model + Nutrients 1.15(0.92,1.43) 1.00 (reference) 127(1.02,1.57)P 1.31(0.96,1.80) —

@ Minimal model: Adjusted for age, sex, and study center (as random effect); Main model: Minimal model + demographic data (including location(urban/rural),
education, occupation, and marriage), the lifestyle factors (including smoking status, alcohol use, and physical activity), baseline health conditions (including BMI,
history of diabetes, hypertension, and CVDs) and total energy intake; Main model + Nutrients: Main model + protein, lipid, carbohydrate, fiber, zinc, iron, sodium,

potassium, and magnesium;
b P<0.05;

P for trend test was not performed due to the nonlinear trend in the Restricted cubic spline plots;

d CVD Cardiovascular disease, HF Heart failure, Ml Myocardial infarction, cholesterol

study vs 1.072 (IQR: 0.799-1.42) mg/d in the NHANES
population).

For all-cause and CVD deaths, results from previous
studies have been inconsistent. The Japan Collabora-
tive Cohort Study for Evaluation of Cancer Risk (JACC)
found that compared with the lowest quintiles of cop-
per intake, the multivariable HRs for CVD mortality in
the highest quintiles were 1.63 (95%CI: 1.21-2.33) among
men and 1.36 (95%CI: 1.06—1.69) among women [15].
Positive associations between dietary copper intake and
death from stroke and other CVDs have also been found

in this study. LASSO penalty regression analysis and
multi-metal model were used to analyze the association
between basic metal levels and all-cause mortality and
CVD mortality in patients with diabetes in Dongfeng-
Tongji cohort. They reported a J-shape relationship
between copper intake and all-cause mortality [28]. The
CHNS study, a Chinese prospective cohort with a median
dietary copper intake of 1.83 (IQR:1.60-2.09)mg/d,
reported that when dietary copper intake was lower
than 2.09 mg/d, the risk of all-cause mortality tended to
be stable, and once dietary copper intake exceeded this



Li et al. BMC Public Health (2023) 23:2525

value, the risk of death would increase significantly [16].
British National Diet and Nutrition Survey in which the
dietary copper intake is reported to be 1.10+0.68 mg/d
for males and 0.88+0.55 mg/d in females showed that
higher dietary intakes of copper were associated with
lower total mortality (HR:0.91; 95% CI:0.84, 1.00) [17].
Significant regional differences in dietary copper intake
were observed in these cohorts: Asian countries such as
China and Japan have much higher dietary copper intake
than European and American regions such as the United
States and the United Kingdom. This may be caused by
different dietary habits between Eastern and Western
countries, with the Chinese diet tending to contain more
cop-rich grains and legumes, while the Western diet
is dominated by meat with relatively low copper con-
tent [29, 30]. This phenomenon provides evidence for
the different findings in different countries and suggest
that moderate copper intake may reduce cardiovascular
health risks and excessive copper intake may be harmful
to our health.

The cardiovascular health effects of dietary cop-
per intake are related to its role in the human body. It
has been proven that copper in the human body plays
a central role in the strength and integrity of the heart
and blood vessels [31, 32]. Cuproptosis can lead to the
development of CVDs such as atherosclerosis, stroke,
ischemic heart disease and HF [31, 33—-35]. In addition,
copper deficiency has been suggested to be associated
with a higher risk of acute MI [36]. Therefore, the risk of
CVD can only be effectively reduced if copper levels are
controlled below toxic doses and above deficient doses.
However, our study did not observe a statistically signifi-
cant association among those with lower dietary copper
intake. Based on previous results obtained in populations
with low dietary copper intake [11-13, 17], this may be
due to the generally high dietary copper intake in the
PURE China cohort, which did not reach the range of
copper deficiency.

Disparities exist in the recommended dietary copper
intake value across the world. WHO/FAO estimates that
the daily dietary requirement for copper is 0.7 mg/d for
women and 0.8 mg/d for men. Most developed countries
set the recommended dietary copper intake for adults as
0.900-1.7 mg/d for men and 0.9-1.5 mg/d for women
[37]. According to the Chinese Nutrient Dietary Refer-
ence Intake (DRIs), the dietary reference intake (RNI) of
copper for adult aged 18-64 years should be 0.8 mg/d,
and the tolerable upper intake level is 8 mg/d. Our study
indicated that the current dietary copper intake of the
Chinese population is about 2.6+1.1 mg/d, and 75% of
the population intake is 1.85-3.19 mg/d, which is much
higher than the recommended intake. Within this range,
increased copper intake may increase the risk of CVDs.
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Therefore, recommendations for the tolerable upper
intake level of dietary copper may need to be stricter.

Our research still has some limitations. First, the diet
questionnaire used to calculate dietary copper intake
was collected through self-report, which could have
resulted in some recall bias. However, previous studies
have shown similar results with our study [11, 13, 16, 28].
And FFQ is still one of the most commonly used meth-
ods in current dietary nutrition surveys [38—40]. Moreo-
ver, the FFQ we use has been proven to have sufficient
reproducibility and validity [25]. Besides, even for the
same food, copper content may be different due to dif-
ferent species and regions and cannot accurately reflect
the actual copper intake. The current study calculated
dietary copper intake based on the China Food Composi-
tion Table (2002), which represented the national average
level. Moreover, due to the limitations of current data,
our study used only baseline copper intake as an estimate
of individual dietary copper intake, leading to a failure
in capturing dietary changes over time. Finally, due to
the high dietary copper intake in our study population,
the results of this study reflect the cardiovascular health
effects of copper excess. Previous epidemiological stud-
ies also have such lopsided results due to the overall high
or low dietary intake of the study population [11, 13, 15,
16]. Therefore, more extensive epidemiological studies
are still needed to determine the optimal dietary copper
intake.

Conclusions

Our study based on a large population-based prospec-
tive cohort study demonstrated that higher dietary cop-
per intake was associated with a higher risk of composite
outcomes, CVDs, and stroke, all-cause death and CVD
death. The results of this study revealed that the cur-
rent dietary copper intake of the Chinese population was
higher than the dietary reference intake, and the popu-
lation intake level of copper from diet is suggested low-
ering down to a relatively safety threshold for mitigating
the increasing burden of CVD among Chinese popula-
tion. However, more studies are needed to verify the ideal
dietary copper intake.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512889-023-17441-6.

Additional file 1.
Additional file 2.

Acknowledgements

PURE-China Project Office Staff, National Coordinators, Investigators: Liu
Lisheng*, Li Wei*, Hu Bo, Zhu Jun, Han Guoliang, Li Xiaocong, Xie Liya, Wang
Chuangshi, Liu Zhiguang, Li Mengya, Deng Qing, Liang Yan, Li Yang, Xia Yanjie,


https://doi.org/10.1186/s12889-023-17441-6
https://doi.org/10.1186/s12889-023-17441-6

Li et al. BMC Public Health (2023) 23:2525

Hao Jun, Lang Xinyue, SunYj, Liu Xiaoyun, Zhang Hongye, Wang Xingyu, Li
Sidong, Liu Weida, Wang Yang, Jia Xuan, He Xinye, Cheng Xiaoru, Lu Fanghong,
Kai You, Hou Yan, Zhang Liangging, Guo Baoxia, Liao Xiaoyang, Chen Di, Zhang
Peng, Li Ning, Ma Xiaolan, Lei Rensheng, Fu Minfan, Liu Yu, Xing Xiaojie, Ma
Yuanting, Guomin He, Xiang Quanyong, Tang Jinhua, Liu Zhengrong, Qiang
Deren, Han Aiying, Aideeraili.Ayoupu, Zhao Qian.

Authors’ contributions

XCL and CSW: Design and interpretation of this study, analysis of data, drafting
and revising the manuscript. DM and LAT: Revising the manuscript and giving
comments. XYL, and WDL: Acquisition data and quality control. SR and BH:
Coordinated the study. SY: Designed the study and revising the manuscript.
WL: Raise hypothesis of the manuscript, revised the manuscript, and academic
supervisory.

Funding

PURE-China study is partly funded by the National Center for Cardiovascu-
lar Diseases, ThinkTank Research Center for Health Development, and the
National Clinical Research Center for Cardiovascular Diseases, Fuwai Hospital,
Chinese Academy of Medical Sciences (NCRC2020002 and 2023-GSP-GG-36);
Beijing Nova Program from Beijing Municipal Science & Technology Com-
mission (Z211100002121063); Fundamental Research Funds for the Central
Universities (3332022023). The funder was not involved in the study design,
collection, analysis, interpretation of data, the writing of this article, or the
decision to submit it for publication.

Availability of data and materials

The datasets analyzed during the current study are not publicly available due
to an ongoing project, but are available from the corresponding author on
reasonable request.

Declarations

Ethics approval and consent to participate

The project of “The Prospective Urban and Rural Epidemiology Study: PURE"is
a global study (baseline), which was approved on both ethical and scientific
grounds by McMaster University Research Ethics Board on 7 July 2003, the
approval number is 03-206. The PURE-China (baseline) was approved by

the Medical Research Ethics Committee of Fuwai Hospital and The Chinese
Academy of Medical Sciences on 24 March 2005. The patients/participants
provided their written informed consent to participate in this study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they do not have any conflicts of interest.

Author details

"Medical Research and Biometrics Center, National Clinical Research Center
for Cardiovascular Diseases, Fuwai Hospital, National Center for Cardiovascular
Diseases, Peking Union Medical College and Chinese Academy of Medical Sci-
ences, Beijing, China. 2Population Health Research Institute, McMaster Univer-
sity and Hamilton Health Sciences, Hamilton, ON, Canada. >JC School of Public
Health and Primary Care, The Chinese University of Hong Kong, Hong Kong,
Hong Kong SAR, China. “State Key Laboratory for Complex, Severe, and Rare
Diseases, Peking Union Medical College Hospital, Beijing 100730, China.

Received: 18 October 2023 Accepted: 8 December 2023
Published online: 18 December 2023

References

1. Roth GA, Johnson C, Abajobir A, Abd-Allah F, Abera SF, Abyu G, Ahmed
M, Aksut B, Alam T, Alam K, et al. Global, Regional, and National Burden
of Cardiovascular Diseases for 10 Causes, 1990 to 2015. J Am Coll Cardiol.
2017;70(1):1-25.

20.

AR

22.

Page 9 of 10

World Health Organization (2021). Cardiovascular Diseases (CVDs). Avail-
able online at: https://www.who.int/news-room/fact-sheets/detail/cardi
ovascular-diseases-(cvds) (accessed Nov 14, 2022)

Writing Committee of the Report on Cardiovascular Health and Diseases
in China. Report on Cardiovascular Health and Diseases in China 2021: An
Updated Summary. Biomed Environ Sci. 2022;35(7):573-603.

Ruiz LM, Libedinsky A, Elorza AA. Role of Copper on Mitochondrial Func-
tion and Metabolism. Front Mol Biosci. 2021,8: 711227.

Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Abdusamad

M, Rossen J, Joesch-Cohen L, Humeidi R, Spangler RD, et al. Copper
induces cell death by targeting lipoylated TCA cycle proteins. Science.
2022,375(6586):1254-61.

Chen X, Cai Q, Liang R, Zhang D, Liu X, Zhang M, Xiong Y, Xu M, Liu Q, Li P,
et al. Copper homeostasis and copper-induced cell death in the patho-
genesis of cardiovascular disease and therapeutic strategies. Cell Death
Dis. 2023;14(2):105.

Pan X, Ding C, Pan Y, Zhang A, Wu B, Huang H, Zhu C, Liu D, Zhu B, Xu G,
et al. Distribution of copper and zinc in blood among general population
from 8 provinces in China. Chin J Prev Med. 2014;2:109-13.

Andrew D, Gail R, Morag B, Kishor R. Recommended reference intervals
for copper and zinc in serum using the US National Health and Nutrition
Examination surveys (NHANES) data. Clin Chim Acta. 2023;546: 117397.
Saravanabhavan G, Werry K, Walker M, Haines D, Malowany M, Khoury C.
Human biomonitoring reference values for metals and trace elements

in blood and urine derived from the Canadian Health Measures Survey
2007-2013. Int J Hyg Environ Health. 2017;220(2 Pt A):189-200.

Li S, Liu Z, Joseph P, Hu B, Yin L, Tse LA, Rangarajan S, Wang C, Wang

Y, Islam S, et al. Modifiable risk factors associated with cardiovas-

cular disease and mortality in China: a PURE substudy. Eur Heart J.
2022;43(30):2852-63.

. Yang L, Chen X, Cheng H, Zhang L. Dietary Copper Intake and Risk of

Stroke in Adults: A Case-Control Study Based on National Health and
Nutrition Examination Survey 2013-2018. Nutrients. 2022;14(3):409.
YinT, Zhu X, Xu D, Lin H, Lu X, Tang Y, Shi M, Yao W, Zhou Y, Zhang H, et al.
The Association Between Dietary Antioxidant Micronutrients and Cardio-
vascular Disease in Adults in the United States: A Cross-Sectional Study.
Front Nutr. 2021;8: 799095.

Wen H, Niu X, Hu L, Sun N, Zhao R, Wang Q, Li Y. Dietary copper intake
and risk of myocardial infarction in US adults: A propensity score-
matched analysis. Front Cardiovasc Med. 2022;9: 942000.

Chen F, Du M, Blumberg JB, Ho Chui KK, Ruan M, Rogers G, Shan Z, Zeng
L, Zhang FF. Association Among Dietary Supplement Use, Nutrient
Intake, and Mortality Among U.S. Adults: A Cohort Study. Ann Intern Med.
2019;170(9):604-13.

Eshak ES, Iso H, Yamagishi K, Maruyama K, Umesawa M, Tamakoshi A.
Associations between copper and zinc intakes from diet and mortality
from cardiovascular disease in a large population-based prospective
cohort study. J Nutr Biochem. 2018;56:126-32.

Gan X, He P, Zhou C, Zu C, Meng Q, Liu M, Zhang Y, Yang S, Zhang Y, Ye

Z, et al. J-shaped association between dietary copper intake and all-
cause mortality: a prospective cohort study in Chinese adults. Br J Nutr.
2023;129(11):1841-47.

Bates CJ, Hamer M, Mishra GD. Redox-modulatory vitamins and minerals
that prospectively predict mortality in older British people: the National
Diet and Nutrition Survey of people aged 65 years and over. Br J Nutr.
2011;105(1):123-32.

Sun C. Nutrition and food hygiene. Beijing: People’s Medical Publishing
House; 2017.

Risk assessment of food copper level in China population [https://cfsa.
net.cn/Article/News.aspxid=724AB8D31280B5694CE9AA2252B3A484B99
OATBC2FD2FFCF]

Kelemen LE, Anand SS, Vuksan V, Yi Q, Teo KK, Devanesen S, Yusuf S.
Development and evaluation of cultural food frequency questionnaires
for South Asians, Chinese, and Europeans in North America. J Am Diet
Assoc. 2003;103(9):1178-84.

Teo K, Chow CK, Vaz M, Rangarajan S, Yusuf S. Group PI-W: The Prospec-
tive Urban Rural Epidemiology (PURE) study: examining the impact of
societal influences on chronic noncommunicable diseases in low-,
middle-, and high-income countries. Am Heart J. 2009;158(1):1-7 e1.

Li'S, Lear SA, Rangarajan S, Hu B, Yin L, Bangdiwala SI, Alhabib KF, Rosen-
gren A, Gupta R, Mony PK, et al. Association of Sitting Time With Mortality


https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://cfsa.net.cn/Article/News.aspxid=724AB8D31280B5694CE9AA2252B3A484B990A1BC2FD2FFCF
https://cfsa.net.cn/Article/News.aspxid=724AB8D31280B5694CE9AA2252B3A484B990A1BC2FD2FFCF
https://cfsa.net.cn/Article/News.aspxid=724AB8D31280B5694CE9AA2252B3A484B990A1BC2FD2FFCF

Li et al. BMC Public Health

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

(2023) 23:2525

and Cardiovascular Events in High-Income, Middle-Income, and Low-
Income Countries. JAMA Cardiol. 2022;7(8):796-807.

LiW, Gu H, Teo KK, Bo J,Wang Y, Yang J, Wang X, Zhang H, Sun, Jia X,

et al. Hypertension prevalence, awareness, treatment, and control in

115 rural and urban communities involving 47 000 people from China.

J Hypertens. 2016;34(1):39-46.

WangY,Yin L, Hu B, Tse LA, Liu Y, Ma H, Li W. Association of heart rate with
cardiovascular events and mortality in hypertensive and normotensive
population: a nationwide prospective cohort study. Ann Trans| Med.
2021;9(11):917.

Zhao W-H, Huang Z-P, Zhang X, He L, Willett W, Wang J-L, Hasegawa

K, Chen J-S. Reproducibility and Validity of a Chinese Food Frequency
Questionnaire. Biomed Environ Sci. 2010;23:1-38.

Dagenais GR, Leong DP, Rangarajan S, Lanas F, Lopez-Jaramillo P, Gupta
R, Diaz R, Avezum A, Oliveira GBF, Wielgosz A, et al. Variations in common
diseases, hospital admissions, and deaths in middle-aged adults in 21

countries from five continents (PURE): a prospective cohort study. Lancet.

2020;395(10226):785-94.

Yusuf S, Islam S, Chow CK, Rangarajan S, Dagenais G, Diaz R, Gupta R,
Kelishadi R, Igbal R, Avezum A, et al. Use of secondary prevention drugs
for cardiovascular disease in the community in high-income, middle-
income, and low-income countries (the PURE Study): a prospective
epidemiological survey. The Lancet. 2011;378(9798):1231-43.
LiZ,Wang R, Long T, Xu'Y, Guo H, Zhang X, He M. Associations between
Plasma Essential Metals Levels and the Risks of All-Cause Mortality and

Cardiovascular Disease Mortality among Individuals with Type 2 Diabetes.

Nutrients. 2023;15(5):1198.

Batis C, Sotres-Alvarez D, Gordon-Larsen P, Mendez MA, Adair L, Popkin B.
Longitudinal analysis of dietary patterns in Chinese adults from 1991 to
2009. Br J Nutr. 2014;111(8):1441-51.

Malesza 1J, Malesza M, Walkowiak J, Mussin N, Walkowiak D, Aringazina

R, Bartkowiak-Wieczorek J, Madry E. High-Fat, Western-Style Diet,
Systemic Inflammation, and Gut Microbiota: A Narrative Review. Cells.
2021;10(11):3164.

Klevay LM. Copper Nutriture, a Hidden Variable in Cardiovascular Epide-
miology. Curr Atheroscler Rep. 2019;21(7):24.

Al-Bayati MA, Jamil DA, Al-Aubaidy HA. Cardiovascular effects of copper
deficiency on activity of superoxide dismutase in diabetic nephropathy.
N Am J Med Sci. 2015;7(2):41-6.

Bost M, Houdart S, Oberli M, Kalonji E, Huneau JF, Margaritis |. Dietary
copper and human health: Current evidence and unresolved issues.
JTrace Elem Med Biol. 2016;35:107-15.

Klevay LM. IHD from copper deficiency: a unified theory. Nutr Res Rev.
2016;29(2):172-9.

Chen L, Min J, Wang F. Copper homeostasis and cuproptosis in health
and disease. Signal Transduct Target Ther. 2022,7(1):378.

Lim SY, Dayal H, Seah SJ, Tan RPW, Low ZE, Laserna AKC, Tan SH, Chan MY,
Li SFY. Plasma metallomics reveals potential biomarkers and insights into

the ambivalent associations of elements with acute myocardial infarction.

JTrace Elem Med Biol. 2023;77:127148.

Freeland-Graves JH, Sachdev PK, Binderberger AZ, Sosanya ME. Global
diversity of dietary intakes and standards for zinc, iron, and copper.
JTrace Elem Med Biol. 2020;61: 126515.

Arima K, Zhong R, Ugai T, Zhao M, Haruki K, Akimoto N, Lau MC,
Okadome K, Mehta RS, Vayrynen JP, et al. Western-Style Diet, pks Island-
Carrying Escherichia coli, and Colorectal Cancer: Analyses From Two
Large Prospective Cohort Studies. Gastroenterology. 2022;163(4):862-74.
Bondonno NP, Parmenter BH, Dalgaard F, Murray K, Rasmussen

DB, Kyre C, Cassidy A, Bondonno CP, Lewis JR, Croft KD, et al. Flavo-
noid intakes inversely associate with COPD in smokers. Eur Respir J.
2022;60(2):2102604.

Bolte LA, Lee KA, Bjork JR, Leeming ER, Campmans-Kuijpers MJE, de
Haan JJ, Vila AV, Maltez-Thomas A, Segata N, Board R, et al. Associa-

tion of a Mediterranean Diet With Outcomes for Patients Treated With
Immune Checkpoint Blockade for Advanced Melanoma. JAMA Oncol.
2023;9(5):705-9.

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

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Associations of dietary copper intake with cardiovascular disease and mortality: findings from the Chinese Perspective Urban and Rural Epidemiology (PURE-China) Study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and participants
	Data collection
	Outcomes
	Statistical analysis

	Results
	Discussion
	Conclusions
	Anchor 16
	Acknowledgements
	References


