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reference values, 750 pg/L to 1450 ug/L. Among men, but not among women, the mean S—Cu
concentration was higher in cases 1014.1 ug/L than in controls 959.3 pg/L; (p = 0.004). In
men, the multivariable-adjusted odds ratio for CVD was 2.36 (95% CI 1.07—5.20 for the compar-
ison of the highest vs. the lowest quartile; p for trend = 0.02), in women, it was 0.43 (95% CI 0.11
—1.70; p for trend = 0.165).

Conclusion: In older Spanish men with high cardiovascular risk, a significant association was
observed between high S—Cu levels, but still within the reference values, and an increased risk
of a first event of CVD. Our findings suggest a sex difference in CVD risk and S—Cu levels. To
confirm this relationship and to analyze the differences observed between men and women,
further studies are needed.

© 2023 The Authors. Published by Elsevier B.V. on behalf of The Italian Diabetes Society, the Ital-
ian Society for the Study of Atherosclerosis, the Italian Society of Human Nutrition and the
Department of Clinical Medicine and Surgery, Federico Il University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In people over 50 years of age, ischemic heart disease and
stroke are the first and second leading causes of death
worldwide, respectively [1]. Furthermore, during the last
20—30 years, the burden of disease attributed to cardio-
vascular pathology has increased worldwide, and this in-
crease has been more pronounced in low-income countries
[2]. Given this context, it is appropriate to identify new
modifiable risk factors that help improve the effectiveness
of primary prevention measures for cardiovascular disease
(CVD). Scientific interest in studying the effect of different
minerals, metals, and trace elements on CVD can be seen in
various recently published studies [3—5].

Although the body’s copper requirements are lower
than other minerals, metals, and trace elements, it is still
essential for many biological functions [6]. However, a
disorder of copper metabolism can contribute to the
development of different pathologies, such as CVD, cancer,
and neurodegenerative disease [7].

A few previous studies [8—11] have analyzed the asso-
ciation between serum copper (S—Cu) levels and CVD, but
the volume of scientific evidence in this regard is still
limited and controversial. Thus, and to our knowledge, the
isolated association of S—Cu levels with CVD has not been
investigated in older adults with a high baseline risk of
developing a cardiovascular event.

This article aimed to conduct a prospective case-control
study nested within the PREDIMED trial [12,13] to examine
the short-term (<2 years) association of S—Cu concentra-
tion within the reference values [14] with CVD risk (acute
myocardial infarction, cerebrovascular accident or cardio-
vascular death) in a population of Spanish adults aged
55—80 years with a high risk of CVD.

2. Methods
2.1. Study design

A nested, matched case-control study was performed
within the PREDIMED trial [12]. The PREDIMED trial is a

multicenter, single-blind, controlled trial of primary pre-
vention of CVD carried out in a population recruited in pri-
mary care health centers, with the aim of evaluating the
effects of the Mediterranean diet on the incidence of CVD.
The design and methods of the PREDIMED trial have been
described in detail previously [12,15]. Briefly, 7447 partici-
pants at high cardiovascular risk were recruited who had no
history of CVD at baseline. They were considered eligible if
they met at least one of the following two criteria: a) type 2
diabetes mellitus or b) 3 or more of the following cardio-
vascular risk factors: current smoker, hypertension (blood
pressure >140/90 mmHg or treatment with antihyperten-
sives), high low-density lipoprotein (LDL) cholesterol level
(>160 mg/dL or lipid-lowering treatment), low high-
density lipoprotein (HDL) cholesterol level (<50 mg/dL in
women and <40 mg/dL in men), body mass index (BMI) of
>25 kg/m?, or a family history of premature CVD. The
exclusion criteria were: having a history of CVD, a serious
chronic disease, low probability of making dietary changes
according to the Prochaska and Diclemente stages of change
model, among others. From October 2003 to June 2009, the
participants were randomly assigned to one of the following
groups: 1) Mediterranean diet supplemented with extra
virgin olive oil; 2) Mediterranean diet supplemented with
nuts; and 3) Control diet based on dietary advice to reduce
fat intake. The PREDIMED trial was conducted according to
the ethical standards guidelines of the Helsinki Declaration
by the Institutional Review Boards of all participating cen-
ters. The institutional review board of the Hospital Clinic
(Barcelona, Spain), which is accredited by the Department of
Health and Human Services and regulated by the Federal
wide Assurance for the Protection of Human Subjects of
International (Non-US) Institutions (number 00000738),
approved the study protocol on July 16, 2002. All partici-
pants provided written informed consent to authorize the
use of biological samples for biochemical measurements.
The trial was registered with the number ISRCTN35739639.

2.2. Assessment of cases and selection of controls

The primary clinical event evaluated as the trial’s primary
outcome was a composite of CVD events, defined as acute
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myocardial infarction, stroke, or cardiovascular death. Four
sources of information were used to identify the final
events: 1) repeated contact with participants by phone
and in person; 2) contact with the responsible family
physician; 3) annual review of medical records; and 4)
consultation of the National Death Index. Only final events
confirmed by the adjudication committee, and that
occurred between October 2003 (start of the PREDIMED
study) and December 2010, were included in the analyses.

During follow-up, a total of 288 incident cases of CVD
were identified. Sixty-two cases did not have serum
samples available and were excluded from the analysis. For
each case included, controls were selected by incidence
density sampling and matched for age at blood collection
(2 years), sex, and intervention group. Participants with
inadequate serum samples for mass spectrometry analysis
(insufficient sample volume or poor sample quality) were
excluded: 19 cases and 16 controls. The cases not included
in the analysis did not differ in lifestyle or cardiovascular
risk factors from the included CVD cases (Supplementary
Table 1). The final sample size for the present analysis
was 207 cases and 436 matched controls as follows: 188
case-control pairs at a ratio of 1:2, 17 pairs at a ratio of 1:1,
and 2 pairs at a ratio of 1:3.

2.3. Blood sample collection and S—Cu measurement

Blood samples were collected from all participants after an
overnight fast (>8 h) at baseline and at years 1, 3, 5, and 6
of follow-up (or at the final visit). Serum samples were
processed and coded at each recruitment center, and ali-
quots were stored at —80 °C. Personnel responsible for
sample processing and storage were blinded to each par-
ticipant’s intervention group. To assess short-term risk,
S—Cu was measured by choosing the serum sample closest
(previous) to the date of the event for each case. The
median time between the serum sample collection and the
appearance of a subsequent CVD event was 0.94 years
(interquartile range: 0.38—1.96). Among controls, serum
samples were chosen with a follow-up time similar to that
of the corresponding case (risk set sampling).

For S—Cu analysis, a calibration curve was prepared
using a 1000 pg/mL Cu standard solution (High-Purity
Standards, Charleston, SC, USA) in a 2% (w/v) solution, 1-
butanol (Merck, Darmstadt, Germany), 0.05% (w/v), EDTA
(Aldrich, St. Louis, MO, USA) 0.05% (w/v) Triton X-100
(Merck, Darmstadt, Germany), and 1% (w/v) NH40OH
(Merck, Darmstadt, Germany) in ultrapure water (Milli-Q,
Merck, Darmstadt, Germany). Serum samples were diluted
1:10 in the solution mentioned above. The S—Cu analysis
was performed using an Agilent 8900 (Agilent Technolo-
gies, Santa Clara, CA, USA) triple-quadrupole inductively
coupled plasma mass spectrometer. The instrument was
set, and performance parameters were checked prior to
analysis. To ensure the quality of the results, 40 mg/L
germanium (ISC Science, Oviedo, Spain) was added to the
samples as an internal standard. In addition, a suitable
certified reference material [Seronorm (Sero, Billingstad,
Norway) Trace Elements Serum L2 (reference 203,105)]

was re-analyzed along with a blank and intermediate
calibration standard every 12 samples. The National
Institute of Standards and Technology NIST (USA) Trace
Elements in Natural Water Standard Reference Material
SRM 1640a was used as the certified reference material
and was analyzed at the beginning and end of each
sequence. Additionally, one out of 12 samples was retested
at the end of each session. Repeat measurement of a
certified standard serum sample yields an intra-assay co-
efficient of variation of 4.67% and an inter-assay coefficient
of variation of 3.67%. The detection limit for copper was
0.18 u/L, and there were no concentrations below the
detection limit.

Participants’ glucose, triglyceride, total cholesterol, LDL
cholesterol, and HDL cholesterol levels were determined
locally using fasting plasma samples at baseline. LDL
cholesterol levels were calculated using the Friedewald
formula whenever triglyceride levels were <300 mg/dL.

2.4. Evaluation of covariables

Trained dieticians completed the following using personal
interviews: 1) A 47-item questionnaire on variables related
to lifestyles, medical history, and medication use. Medi-
cations commonly used by the participants were grouped
into 8 categories: angiotensin-converting enzyme in-
hibitors; diuretics; statins; insulin; acetylsalicylic acid;
calcium channel blockers; angiotensin II receptor antago-
nists; and beta-blockers; 2) A validated 14-item ques-
tionnaire designed to assess adherence to a Mediterranean
diet pattern [16]; 3) A semi-quantitative questionnaire of
food consumption frequencies, previously validated, with
137 items [17]. For the analysis, the consumption of the
following food groups was considered: meat, fish, vege-
tables, legumes, fruits, cereals, dairy products, and nuts.
The total intake of energy and nutrients was calculated
using the information collected in the Spanish food
composition tables [18]; 4) The validated Spanish version
of the Minnesota leisure-time physical activity question-
naire [19,20]. In addition, trained personnel performed
anthropometric measurements and measured blood
pressure according to the study protocol. The question-
naires and the anthropometric measurements were con-
ducted at the beginning of the study and annually during
the follow-up visits.

2.5. Statistical analysis

Case-control characteristics were described as mean and
standard deviation for continuous variables and absolute
and relative frequencies for categorical variables. Group
comparisons were made using the Student’s t-test or Chi-
square test, as appropriate. S—Cu levels (ug/L) were cate-
gorized into sex-specific quartiles with cutoff points based
on the distribution in the control group [21]. Adjusted
levels of covariates across S—Cu quartiles in controls were
estimated by analysis of variance. Polynomial contrasts
(linear trend) were used to evaluate the association of
these adjusted levels with the S—Cu quartiles.
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To estimate the association between S—Cu concentra-
tions and CVD risk, we used three conditional logistic
regression models (conditional on matching) with suc-
cessive degrees of fit: a) Adjusted only for matching fac-
tors; b) Adjustment for cardiovascular risk factors and
potential confounders based on clinical relevance and
prior causal knowledge; and c) absence of multi-
collinearity. Variables associated with S—Cu levels at a
level of statistical significance p < 0.25 were also
included in the maximum fit model [22]. Sex-specific
S—Cu quartiles were included in the models as a cate-
gorical variable, and crude odds ratio and adjusted Odds
Ratio (aOR) and their 95% confidence intervals (CI) were
estimated for the three upper quartiles, always using the
lowest quartile as the reference category. Trend tests
were performed by assigning each participant the median
value of the S—Cu quartile and treating it as a continuous
variable.

The possible interaction between S—Cu levels with sex
and age was investigated. The statistical significance of the
interactions was evaluated using the likelihood ratio test
based on the models with and without the interaction
terms.

We also used conditional logistic regression adjusted
for multiple variables to explore the relationship between
dietary copper intake and CVD. We further explored the
possible non-linear association between S—Cu levels and
CVD risk using the restricted cubic spline analysis.

All hypothesis tests were bilateral. A p-value <0.05 was
considered statistically significant. All statistical analyses
were conducted using Stata 17.0 (Stata Corp).

3. Results

3.1. Participant characteristics at the time of blood
sample collection

Fig. 1 shows the flowchart of the participants included in
the final analyses.

The characteristics of the study population at the time
of sample collection for the determination of S—Cu are
shown in Table 1. The cases as a whole presented mean
levels of S—Cu higher than the controls (1052.4 pg/L vs.
1016.5 pg/L; p = 0.024). However, when differentiating
between men and women, the difference in S—Cu levels
between cases and controls was observed only in men,
with a mean S—Cu concentration of 1014.12 pg/L in cases,
while in controls, it was 959.26 ug/L (p = 0.004).

The frequency of cardiovascular risk factors (smoking,
hypercholesterolemia, hypertension, diabetes, mean blood
glucose, and triglyceride levels) was higher in the cases
than in the controls, as expected. The same occurred with
the consumption of acetylsalicylic acid as antiplatelet
treatment (33.8% vs. 22.0%; p = 0.001). However, the use
of statins was significantly less frequent in the cases than
in the controls (25.1% vs. 38.5%; p = 0.001).

Regarding dietary characteristics related to copper
intake (intake of viscera and shellfish), no differences were
observed between cases and controls in the crude analysis.

3.2. Lifestyle and dietary factors associated with S—Cu in
controls

Table 2 summarizes the characteristics of the control group
based on S—Cu levels adjusted for age, sex, and the
recruitment center of the controls. A statistically significant
inverse association was observed between fruit consump-
tion and copper levels (difference Q4 vs. Q1 = —48.64 95%
CI (-95.9 to —1.4); p for linear trend = 0.03). A similar
inverse association was also observed for fish (difference Q4
vs. Q1 = —11.77 95% CI (-23.3 to —0.2); p for linear
trend = 0.02). No statistically significant association was
found for the rest of the dietetic and lifestyle factors
analyzed.

3.3. S—Cu and CVD risk

The association between S—Cu levels and CVD risk is
shown in Table 3. When not adjusting for potential con-
founders, a higher CVD risk was found at higher S—Cu
levels. However, sex seemed to act as an effect modifier,
but with only marginal statistical significance for the end
product (interaction p = 0.086).

Although no association was observed in women, in
men, a direct association was found between S—Cu levels
and CVD risk (aOR Q4 vs. Q1 = 2.36, 95% CI: 1.07—5.20; p
for trend = 0.02). The interaction between copper levels
and the categorized Mediterranean diet adherence score
was investigated, as well as with the categorized BMI, with
no differences of interest being found (data not shown).

The dose-response relationship between S—Cu levels
and CVD risk was evaluated in the restricted cubic spline
analysis based on the maximum fit model (Supplementary
Fig. 1). Non-linear association was observed for total
sample (p for non-linearity = 0.003). Estimated curve
showed a non-significant positive linear relationship up to
concentrations of approximately 1100 ug/L, after which the
risk remained constant. Linear associations were observed
for men and women samples (p for non-linearity = 0.235
and 0.349, respectively).

4. Discussion

An adverse relationship between S—Cu levels and CVD risk
was observed in men aged 55—80 years in this case-
control study nested the PREDIMED trial. No adverse
relationship was found for women. S—Cu levels were
within the reference values in all participants. They
depend mainly on dietetic factors, such as organ meats and
shellfish consumption. Hence future studies analyzing the
role of consumption of these foods and cardiovascular risk
in other populations are warrant.

It is important to note that the potential interaction by
the sex variable was only marginally significant. However,
we cannot rule out that our findings result from a false
positive due to the low number of events in women.
Furthermore, plasma copper concentrations are usually
higher in women than in men, which may make it difficult
to identify associations in women. Age, type of diet,
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7,447 participants enrolled in the PREDIMED trial from October 2003 to June 2009

Cases
(N=226)

Participants excluded
due to serum samples
inadequate for mass <
spectrometry analysis
(N=19)

A

Matched controls
(N=452)

Participants excluded due
to serum samples
> inadequate for mass
spectrometry analysis
(N=16)

A4

Cases with adequate
serum samples for mass
spectrometry

(N=207)

Controls with adequate
serum samples for mass
spectrometry
(N=436)

A,

207 Nested cases controls pairs included in the final analysis

Figure 1 Flowchart of the study participants: a nested case-control design based on the PREDIMED, “PREvenci6n con Dleta MEDiterranea”.

amount of dietary copper, the use of oral contraceptives,
and the hormonal profile may result in a different effi-
ciency in the rate of absorption and excretion of copper by
men and women [23] [—] [25]. Nonetheless, Ford ES et al.,
the only study we were able to locate that analyzes the
role of S—Cu for men and women and the risk of cardio-
vascular mortality, found results similar to ours, describing
a higher risk only in men but no association in women, as
we observed. However, there is no solid pathophysiolog-
ical basis supporting a real differential relationship of
S—Cu levels according to sex or to rule it out. Hence, with
only 2 studies supporting this effect modification by sex,
there is a need for future replication of this interaction in
additional studies. In our data, the lack of statistical power
in women may explain the lack of significant association
described. However, the specific reasons that may explain
the observed differences in CVD risk between men and
women are still unknown. As with other metals such as
lead, cadmium, arsenic or mercury, possible differences in
the kinetics and mode of action may be related to the
observed differences [26]. Furthermore, changes related to
sex hormones [27,28], as well as factors related to renal
function [29] may be involved in the observed sex-
differences.

The relationship between plasma copper levels and
CVD has been analyzed previously, although the results are
not always consistent [30] [—] [32]. Two recent meta-
analyses suggest a direct association between elevated
S—Cu levels and CVD [33,34]. Two other systematic

reviews and meta-analyses found that S—Cu levels are
higher in subjects with acute myocardial infarction [31]
and ischemic stroke than in the healthy population [32],
although there are studies that find lower levels in patients
with hemorrhagic stroke [30]. However, the small sample
size, the measurement of S—Cu levels at the time of
diagnosis, the non-assessment of publication bias or the
impossibility of ruling it out in the meta-analyses carried
out, the non-consideration of CVD as a whole or the
behavior of the association differently depending on the
type of population (no association in the Caucasian pop-
ulation for acute myocardial infarction), justify the need
for its analysis in the European population based on the
PREDIMED study.

Most studies that analyze the association between S—Cu
and CVD, the relative risks ranged from 1.15 to a maximum
of 4.0, although, in some cases, statistical significance is not
reached. The comparison of risk between studies is not easy
for different reasons: 1) Type of design, based on a cohort
design [8,9,35,36] or nested case-control study [10,11,37]; 2)
type of population, while some studies only include males
[9,35—37] others include both sexes [3,11,38—40]; 3) type of
result variable, cerebrovascular disease [10,11,41], myocar-
dial infarction [35] or CVD as a whole [9,36,37,40]; 4)
Measurement of exposure, there is no established cutoff
point for S—Cu levels to determine whether levels are
optimal or not. For this reason, studies use internal com-
parison criteria based on the characteristics of the popula-
tion, quartiles [9,11,36] or terciles [8,10,35,37].
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Table 1 Characteristics of cases and matched controls at sample collection time. The PREDIMED trial.

Characteristic Case participants Control participants p value
N 207 436
Age (years) 70.9 (6.8) 71.3 (6.6) Matching Factor
Sex (% women) 37.2 38.5 Matching Factor
PREDIMED trial arm (%)
Mediterranean diet + EVOO 324 31.0 Matching Factor
Mediterranean diet + nuts 271 27.5 Matching Factor

Serum copper (mg/L)
Men (n = 398)
Women (n = 245)

Smoking status (%)

Current
Former
Non-smokers
Hypercholesterolemia (%)
Hypertension (%)
Type 2 diabetes (%)
Family history of CHD (%)
Body mass index (kg/m?)
Physical activity (METs-min/day)
Alcohol (g/day)
Biochemical parameters
Glucose® (mg/dL)
Triglycerides® (mg/dL)
Total cholesterol® (mg/dL)
HDL cholesterol® (mg/dL)
Mediterranean diet adherence (0—14)
Dietary intake
Total energy intake (kcal/day)
Total Fat (%E)
Monounsaturated Fat (%E)
Polyunsaturated Fat (%E)
Saturated Fat (%E)

Carbohydrates (%E)

Cholesterol (mg/day)

Fiber (g/day)

Total meat (g/day)

Total fish (g/day)

Total legumes (g/day)

Total vegetables (g/day)

Total fruit (g/day)

Total cereals (g/day)

Total dairy (g/day)

Total nuts (g/day)

Liver (g/day)

Bivalves (g/day)

Educational level (%)
Primary or less
Secondary
Tertiary

Medication use (%)

ACE inhibitors

Diuretics

Statins

Insulin

Aspirin-antiplatelet drugs

Calcium channel blockers
Angiotensin Il receptor antagonists
Beta-blockers

1052.4 (187.5)
1014.1 (182.8)
1117.1 (178.5)

20.3
37.2

425

440

61.8

62.8

19.8

29.5 (3.6)
239.9 (238.4)
8.8 (15.1)

137.7 (52.0)
147.6 (82.6)
202.4 (33.4)
49.0 (10.1)
9.44 (2.1)

2301.3 (646.2)
40.1 (6.8)
20.3 (4.5)

6.5 (2.1)

9.8 (2.3)
409 (7.3)
373.4 (142.7)
253 (9.3)
132.3 (62.8)
100.9 (50.9)
23.6 (15.5)
314.7 (133.5)
383.1 (207.7)
225.7 (104.3)
379.8 (214.6)
5.5 (8.3)

1.6 (4.4)

2.7 (4.4)

77.8
14.0
8.2

34.8
20.3
25.1
7.7

338
19.3
17.4
13.5

1016.5 (188.8)
959.3 (170.3)
1107.8 (181.1)

11.9
342

53.9

353

50.9

53.2

209

292 (3.4)
275.6 (262.3)
10.8 (14.6)

124.2 (36.9)
130.4 (60.7)
205.4 (38.9)
50.7 (9.8)
9.8 (2.0)

2283.3 (560.6)
40.0 (6.6)
20.5 (4.4)
6.5 (2.0)

9.5 (2.1)
40.7 (6.9)
358.1 (129.4)
25.4 (7.7)
124.8 (51.7)
104.0 (46.4)
22.5 (14.4)
319.2 (140.7)
392.0 (181.1)
228.7 (111.4)
358.0 (216.0)
6.7 (10.0)

13 (3.3)

2.9 (4.2)

78.09
13.5
7.6

30.7
223
38.5
5.5

220
154
19.5
9.9

0.024
0.004
0.709

0.005

0.035
0.009
0.022
0.755
0.305
0.097
0.117

0.003
0.017
0.453
0.107
0.058

0.717
0.951
0.611
0.889
0.096
0.680
0.176
0.843
0.111
0.441
0.363
0.702
0.577
0.750
0.231
0.127
0.289
0.522

0.941

0.304
0.573
0.001
0.275
0.001
0.208
0.524
0.166

EVOO: extra-virgin olive oil, CHD: coronary heart disease; METs: metabolic equivalents; %E: percentage of total energy intake; PREDIMED:

PREvencion con Dleta MEDiterranea.

Data given as mean (standard deviation) or %.

Statistically significant results are shown in bold (p < 0.05).

4 Basal measurement.
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Table 2 Adjusted® characteristics of 463 controls by sex-specific quartiles of serum copper at sample collection time.

Variables Quartiles” of serum copper p for linear trend Difference Q4 vs Q1 (95% IC)
Q1 Q2 Q3 Q4
No. of participants 109 109 109 109
Median serum copper level (ng/L)
Men (n = 268) 776.3 900.8 984.2 1155.4 NA NA
Women (n = 168) 902.8 1059.0 1162.1 1301.8 NA NA
Age® (years) 70.4 71.7 71.6 71.60 0.22 1.2 (-0.6—2.9)
PREDIMED trial arm (%)
Mediterranean diet + EVOO 22.0 33.0 38.5 304 0.12 8.4 (—4.0-20.7)
Mediterranean diet + nuts 28.5 26.6 211 33.9 0.58 54 (-6.6—17.3)
Smoking status (%)
Current 8.9 11.1 12.0 15.7 0.12 6.8 (-1.6—15.2)
Former 36.4 28.7 36.8 34.8 0.84 -1.6 (-12.5-9.3)
Never 54.7 60.3 51.2 49.5 0.13 —5.2 (-15.3—4.9)
Hypercholesterolemia (%) 334 40.2 44.0 33.7 0.79 0.3 (-11.9-12.6)
Hypertension (%) 452 55.8 46.8 56.0 0.28 10.8 (—2.5-24.0)
Type 2 diabetes (%) 57.3 58.5 47.6 49.5 0.11 —7.8 (-21.0-5.3)
Family history of CHD (%) 22.9 22.2 21.3 17.2 0.30 -5.7 (-16.4-5.0)
Body mass index (kg/m?) 294 29.5 29.2 29.0 0.31 -0.4 (-1.3-0.5)
Physical activity (METs-min/day) 261.9 283.0 292.6 265.1 0.86 3.2 (-65.4—72.0)
Alcohol (g/day) 109 10.8 10.5 11.0 0.98 0.1 (-3.5-3.7)
Biochemical parameters
Glucose® (mg/dL) 126.3 122.2 121.6 126.5 0.99 0.2 (-12.0—-12.3)
Triglycerides® (mg/dL) 125.7 136.0 133.1 1271 0.97 1.4 (-18.8—21.5)
Total cholesterol® (mg/dL) 204.1 208.1 201.7 207.5 0.86 3.4 (-9.5-16.3)
HDL cholesterol (mg/dL) 50.2 50.6 50.0 52.0 0.32 1.8 (—-1.3-5.0)
Mediterranean diet adherence (0—14) 9.8 9.6 9.7 10.0 0.46 0.2 (—-0.4-0.7)
Dietary intake
Total energy intake (kcal/day) 22714 2206.1 2344.4 2311.2 0.27 39.8 (—106.1-185.7)
Total Fat (%E) 40.0 40.2 40.1 39.9 0.86 —0.1 (-1.7-1.6)
Monounsaturated Fat (%E) 20.3 20.7 20.5 20.5 0.88 0.2 (-0.9—-1.3)
Polyunsaturated Fat (%E) 6.5 6.5 6.6 6.3 0.61 -0.2 (-0.7-0.3)
Saturated Fat (%E) 9.6 9.5 9.4 9.5 0.58 —0.1 (-0.7-04)
Carbohydrates (%E) 404 404 411 40.8 0.55 04 (-1.4-2.1)
Cholesterol (mg/day) 357.5 349.9 362.3 362.6 0.62 5.1 (—29.3—39.5)
Fiber (g/day) 25.6 24.8 26.12 25.0 0.93 —0.6 (—2.6—1.5)
Total Meat® (g/day) 125.7 118.0 125.0 130.6 0.32 49 (-8.6—18.5)
Total fish® (g/day) 109.9 109.0 99.2 98.1 0.02 -11.8 (—23.3 — (-0.2))
Total legumes® (g/day) 224 21.1 22.3 243 0.26 1.9 (-1.9-5.8)
Total vegetables® (g/day) 303.6 316.2 3444 312.7 0.36 9.1 (—28.2—46.5)
Total fruit® (g/day) 412.6 405.6 386.0 364.0 0.06 —48.6 (—95.9 — (-1.4))
Total cereals® (g/day) 213.7 225.8 248.0 227.1 0.18 134 (—15.6—42.3)
Total dairy® (g/day) 362.1 3342 359.9 375.8 0.47 13.7 (-43.7-71.1)
Total nuts® (g/day) 7.5 6.3 6.6 6.5 0.55 -1.0 (-3.6—1.7)
Liver (g/day) 1.1 1.0 1.3 1.7 0.12 0.6 (-0.3—1.5)
Bivalves (g/day) 2.8 3.8 24 2.8 0.49 0.0 (-1.1-1.2)
Educational level (%)
Primary or less 78.7 79.4 76.8 80.7 0.84 2.0 (-8.7-12.8)
Secondary 14.0 13.2 15.8 11.1 0.67 —2.9 (-12.0-6.1)
Tertiary 7.3 7.4 7.4 8.2 0.81 0.9 (-6.2-8.0)
Medication use (%)
ACE inhibitors 29.7 26.2 34.6 32.5 0.394 2.8 (-9.5—-15.1)
Diuretics 21.2 194 23.9 24.5 0.421 3.3(-7.8—14.3)
Statins 35.8 448 33.9 39.7 0.964 3.9 (-9.0-16.9)
Insulin 2.8 6.3 4.5 84 0.132 5.6 (—0.6—11.6)
Aspirin-antiplatelet drugs 229 234 171 24.7 0.960 1.8 (—9.2—12.8)
Calcium channel blockers 13.1 15.7 16.5 16.2 0.515 3.1 (-6.6—12.8)
Angiotensin Il receptor antagonists 15.6 283 18.3 15.8 0.573 0.2 (—-10.4—-10.7)
Beta-blockers 10.1 10.2 6.5 12.8 0.731 2.7 (-5.3—-10.7)

EVOO: extra-virgin olive oil, CHD: coronary heart disease; METs: metabolic equivalents; %E: percentage of total energy intake; ACE: Angiotensin
converting enzyme inhibitors; 95% CI: 95% confidence interval.

Data given as mean or %.

Statistically significant results are shown in bold (p < 0.05).

¢ Adjusted for age, sex and center.

b Sex-specific quartiles of serum copper based on distribution among controls. Cut-off values of serum copper were: 851.66, 933.98 and
1061.38 pg/L in men and 992.94, 1127.37 and 1219.23 pg/L in women.

¢ Adjusted for age and center.
d Basal measurement.

¢ Adjusted for age, sex, center, body mass index and total energy intake.
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Table 3 Adjusted odds ratios for cardiovascular disease by sex-specific quartiles of serum copper. PREDIMED trial.

Quartiles® of serum copper

Number of cases/controls Q1 Q2 Q3 Q4 p for trend
Total population
Cases/matched controls  207/436 43/109  43/109 55/109 66/109
Matched ORP (95% CI) 1 (Ref) 0.98(0.59-1.62) 1.19(0.73—1.97) 1.56(0.96—2.55) 0.034
Matched OR® (95% CI) 1 (Ref.) 0.94(0.54—1.64) 1.19(0.69—2.07) 1.37(0.80—2.34) 0.157
Matched OR (95% CI) 1 (Ref.) 1.04(0.59-1.84) 1.14(0.65—2.03) 1.28(0.73—2.25) 0.336
Men
Cases/matched controls  130/268 23/67 23/67 41/67 43/67
Matched OR® (95% CI) 1 (Ref.) 1.01(0.51-1.97) 1.78(0.94—3.40) 1.97(1.03—3.77) 0.013
Matched OR® (95% CI) 1 (Ref.) 1.03(0.50—2.14) 1.98(0.98—4.01) 2.18(1.06—4.48) 0.013
Matched ORY (95% CI) 1 (Ref.) 1.30(0.59—2.89) 2.19(1.01—4.72) 2.36(1.07—5.20) 0.020
Women
Cases/matched controls  77/168 20/42 20/42 14/42 23/42
Matched OR® (95% CI) 1 (Ref.) 0.94(0.43—2.05) 0.60(0.26—1.40) 1.10(0.51-2.37) 0.957
Matched OR® (95% CI) 1 (Ref.) 0.94(0.31—2.82) 0.41(0.12—-1.39) 0.81(0.27—2.42) 0.513
Matched ORY (95% CI) 1 (Ref.) 0.64(0.15-2.72) 0.26 (0.06—1.16) 0.43(0.11-1.70) 0.165

Statistically significant results are shown in bold (p < 0.05).

2 Sex-specific quartiles of serum copper based on distribution among controls.

b Models are from conditional logistic regressions analyses with matching factors sex, age and intervention group.

¢ Adjusted for center (indicator variable), smoking (binary), hypertension, hypercholesterolemia, diabetes, family history of premature coro-
nary heart disease, body mass index (Kg/m?), physical activity (METs-min/day) and alcohol intake (g/day).

d Additionally adjusted for liver intake (g/day), total energy intake (Kcal/day), adherence to the Mediterranean diet (0—14 points) insulin
(binary), total fish (g/day), total fruit (g/day), total cereals (g/day) and statins (binary).

€ Model are from conditional logistic regression analyses with matching factors age and intervention group.

These differences make it challenging to determine the
actual magnitude of the association, although the associ-
ation between higher levels of S—Cu and CVD in men
seems consistent. In our study, a positive trend is observed
between S—Cu and CVD levels, with double the risk in men
with a level higher than 1061.38 pg/L compared to the
reference category with a level lower than 851.66 ng/L,
aOR Q4 vs. Q1 = 237 (95% CI: 1.09-5.19; p for
trend = 0.01). Different mechanisms have been described
that may explain this relationship. Copper has the ability
to produce reactive oxygen and nitrogen species through
redox and Fenton reactions, which favors the lipid perox-
idation process and contributes to the development of
atherosclerotic processes [7]. Additionally, copper partici-
pates in the modulation of the inflammatory response
[9,42]. Specifically, it amplifies the inflammatory response
through the extracellular release of reactive species that
activate cytokines, chemokines, and endothelial leukocyte
adhesion molecules. Some studies have reported an asso-
ciation between S—Cu and inflammation markers such as
high-sensitivity C-reactive protein and «-1 acid glycopro-
tein [42]. Likewise, it has been reported that the plasmatic
copper-homocysteine interaction contributes to hydrogen
peroxide favoring the development of peripheral arterial
disease and ischemic heart disease [43,44]. Obesity should
be added to these mechanisms, with which it shares
common biochemical mechanisms involved in the under-
lying inflammatory processes in the development of CVD
[42,45].

Several the limitations of our study should be
acknowledged: 1) Our study included a population of

Spanish adults at high risk of CVD. This may make it
difficult to generalize the results to other populations; 2)
The inflammation status could behave as a potential con-
founding factor not measured in our study; 3) The main
source of copper intake is diet. The present work, inte-
grated into the PREDIMED study, is based on a cohort
subjected to dietary intervention, which could condition
both copper levels as well as the incidence of CVD. To
control its effect, the intervention group has been
considered as a matching variable, minimizing this effect;
4) Although all comparisons were based on an a priori
planned contrast, due to the number of comparisons
made, the possibility of an increase in overall alpha risk
due to multiple tests cannot be ruled out; 5) Regarding the
determination of copper levels, it may be that S—Cu is not
the measure that best reflects the levels of metabolically
active copper in body tissues [23,28]; 6) The S—Cu mea-
surement was limited to a single occasion, with the
consequent effect that intra-individual variability itself
may introduce.

Among the strengths, it should first be noted that the
PREDIMED study itself, represents a large trial with more
than 4 years of follow-up, a well-characterized population,
a precise and blind evaluation of incident cases of CVD,
and the monitoring of a large number of possible con-
founding variables [12]. In this regard, a novelty of our
study is that, to our knowledge, this is the first study that
analyzes the association between different food groups
with S—Cu levels in the context of the analysis of the S—Cu
association and CVD risk. This may help explain the rela-
tionship between certain types of food and CVD risk. On
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the other hand, given the possible variation in copper
levels throughout the day, blood samples were always
drawn in the morning, after a fasting period of not less
than 8 h and at approximately the same time (from 8:00
a.m. to 9:00 a.m.). In addition, parameter estimation and
multivariable models were adjusted by study center to
account for possible differences in sample handling.
Finally, using incidence density sampling also minimizes
the possibility of selection bias from the control group. The
short period between the measurement of S—Cu and the
occurrence of the event (less than 2 years) allows for a
short-term assessment of CVD risk.

In summary, in this case-control study nested in the
PREDIMED trial, a dose-response gradient is observed
between high levels of S—Cu, although still within the
reference values [14], and CVD risk in older adult men.
Further studies are needed to confirm this relationship and
analyze the differences observed between men and
women to verify whether the suggestion of modification of
the effect by sex is replicated in independent studies.
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