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Abstract

The general population is exposed to cadmium from food and smoking. Cadmium is a wide-
ly spread toxic pollutant that seems to be associated with cardiovascular diseases, although
little is known if it contributes to the occurrence of atherosclerotic plaques and the process
whereby plaques become vulnerable and are prone to rupture. We tested the hypotheses
that cadmium exposure is associated not only with an increased subclinical burden of ath-
erosclerotic plaques in different vascular territories and early signs of plaque vulnerability,
but also with cadmium content and plaque-rupture in the clinical phase of the disease. Ultra-
sound technique was used to measure plaque prevalence and echogenicity in the carotid
and femoral arteries in a population sample of women (n = 599) in whom blood cadmium
was measured. In addition cadmium was measured in snap-frozen endarterectomies and
whole blood obtained from patients who were referred to surgery because of symptomatic
carotid plaques (n = 37). Sixteen endarterectomies were divided into three parts corre-
sponding to different flow conditions and plaque vulnerability. In the population sample
blood cadmium was associated with the number of vascular territories with plaques (p =
0.003 after adjustment for potential confounders). The cadmium concentrations in symp-
tomatic plaques were 50-fold higher in plaque tissue than in blood. Cadmium levels in blood
and plaque correlated, also after adjustment for smoking and other cardiovascular risk fac-
tors (p<0.001). Compared with the other parts of the plaque, the cadmium content was dou-
ble as high in the part where plaque rupture usually occurs. In conclusion, the results show
that cadmium exposure is associated with the burden of subclinical atherosclerosis in mid-
dle-aged women with different degrees of glucose tolerance, and that the content of cadmi-
um in symptomatic plaques in patients is related to that in blood, but much higher, and
preferentially located in the part of plaque where rupture often occurs.
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Introduction

The general population is exposed to cadmium from food and smoking. The major dietary
sources of cadmium are rice, cereals, potatoes, and other root vegetables due to uptake of cad-
mium from the soil, which is contaminated with fertilizers with high cadmium content and
fall-out from industrial emissions and other urban sources [1].

Smoking is a major source of exposure as cadmium in tobacco smoke is effectively absorbed
in the lungs [1]. Cadmium exposure is associated with bone damage and fractures, renal dam-
age and certain types of cancer [2]. Accumulating data also indicate that cadmium has pro-ath-
erogenic effects [2-8]. The cadmium contents in urine and blood mirror long term cadmium
exposure [1]. Cross-sectional and prospective epidemiological studies using these measures
have reported that cadmium exposure levels found in considerable proportions of the popula-
tion are associated with prevalent and incident cardiovascular mortality and morbidity, inde-
pendently of smoking and cardiovascular risk factors [2-8]. In an ultrasound study of a female
cohort we observed that cadmium exposure was associated with the prevalence and future
growth of atherosclerotic plaques in the carotid arteries [9]. Experimental studies in rabbits
and mice have demonstrated how cadmium intake enhances the atherosclerotic process [10-
12]. The underlying mechanisms have not been clarified, but disruption of the endothelium,
increased apoptosis, and oxidative stress promoting inflammation have been reported [10, 13].

The prevalence of atherosclerotic plaques is closely associated with old age and most plaques
never cause clinical disease [14]. A key process in the transition to a symptomatic plaque is the
occurrence of plaque vulnerability, leading to plaque rupture and thrombosis, which, in the
end can cause end-organ diseases such as myocardial infarction or stroke [15]. A thin fibrous
cap, neovascularisation, a large lipid core and inflammation are important features of this pla-
que phenotype [15].

B-mode ultrasound images of carotid atherosclerotic plaques with low echogenicity are as-
sociated with histological characteristics typical of vulnerable plaques and cerebrovascular clin-
ical events [16-18]. Such findings, mainly made in clinical studies indicate that low plaque
echogenicity can be used as a measure of plaque-vulnerability. Plaques in the femoral artery
with low echogenicity are also associated with clinical events and cardiovascular risk factors
[19].

Another approach to explore symptomatic atherosclerotic lesions is to study endarterecto-
mies of symptomatic carotid plaques. We, as well as others have previously shown that carotid
plaques most often rupture in the upstream part, which is before the blood flow passes the
maximum stenosis of the plaque [20-23]. Although a few previous autopsy studies have re-
ported considerable cadmium content in aorta walls [24-27], there is no available report in the
literature on cadmium concentrations in atherosclerotic plaques.

In order to better understand how cadmium may cause symptomatic atherosclerosis we hy-
pothesized that cadmium exposure is associated not only with an increased subclinical burden
of atherosclerotic plaques in different vascular territories and early signs of plaque vulnerabili-
ty, but also with cadmium content and rupture of plaques in the late clinical phase. Accordingly
our first aim was to examine if cadmium exposure is positively associated with the sub-clinical
plaque-burden in the carotid and femoral arteries and the prevalence of low echogenicity pla-
ques. The second, clinical aim was to examine if human symptomatic atherosclerotic plaques
have higher concentration of cadmium than in blood, if cadmium levels in blood and carotid
plaques correlate, and if the cadmium concentrations within symptomatic plaques are highest
in the upstream part were plaque rupture most often takes place. In the present study we suc-
ceeded to test these hypotheses in a population-sample of women, and in a biobank of
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endarterectomies, representing patients who were operated on for symptomatic carotid
atherosclerosis.

Material and Methods
Participants

The subclinical prevalence of plaque burden and echogenicity were examined in a previously
described population-based sample [9, 28, 29]. Briefly, all 64-year old women in Gothenburg,
Sweden were in 2001-2003 invited to a screening examination with oral glucose tolerance test.
The women with diabetes and similarly-sized randomly selected groups of women with im-
paired and normal glucose tolerance test were recruited to the study. In 599 out of 629 women
it was possible to determine blood cadmium. The baseline examinations included question-
naires concerning health, life style and medication, anthropometrics, blood pressure, venous
blood samples for assessment of cardiovascular risk factors and aliquots of whole blood, serum
and plasma which were kept frozen at -80°C [9, 28]. Ultrasound examination of both carotid
arteries and the right femoral artery was performed for assessment of plaque occurrence and
plaque echogenicity [9, 29].

In the clinical substudy of symptomatic carotid plaques we used endarterectomies from the
Goteborg Atheroma Study Group (GASG) biobank at the Sahlgrenska University Hospital
(Goteborg, Sweden) [23, 30]. This biobank contains blood and endarterectomies that were ob-
tained from patients with symptomatic carotid atherosclerotic disease with high-grade carotid
stenosis [23]. The endarterectomies in the present study (n = 37) were snap-frozen in liquid ni-
trogen immediately after surgical removal and were after that stored in -80°C. Clinical data
were obtained through patient questionnaires and medical records. Blood samples were drawn
for assessment of cardiovascular risk factors as previously described [30]. Whole blood for
measurement of cadmium concentration was available in 35 patients.

Ethics statement

Both studies have been carried out in accordance with the Declaration of Helsinki and were ap-
proved by the Regional Ethical Review Board in Gothenburg and all participants gave written
informed consent to participate.

Cardiovascular risk factors

Smoking history included current, previous and never smoking. Pack years were calculated [9].
Supine blood pressure was measured after supine rest [9]. Fasting blood glucose, apolipopro-
tein A-I, apolipoprotein B were determined by standardized methods as previously described
[28, 30]. Diabetes was diagnosed according to the WHO definition [31].

Ultrasound imaging

The ultrasound examination of the carotid and femoral arteries was performed with an ultra-
sound scanner equipped with a linear 8L5-MHz transducer (Sequoia 512, Siemens, Mountain
View, California). The examination of the carotid arteries for occurrence of plaques in the near
and far wall was performed in accordance with previously published semi-automated methods
and definitions [19, 32-34]. A semi-automated method was used for the measurement of the
gray-scale median (GSM) of each plaque in the carotid arteries [34]. The upper range of the
first tertile of GSM was used as a measure of low plaque echogenicity as previously described
(GSM < 42) [34]. The echogenicity of plaques in the femoral arteries was visually classified
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according to the Grey-Weale method defining class I and II plaques as having low echogenicity
[35].

Preparation of endarterectomies

The sample consisted of 37 frozen endarterectomies. Sixteen of those allowed full identification
of the common, external and internal carotid artery. From a previous study based on MR angi-
ography imaging and serial section of carotid endarterectomy we know that in two thirds of all
cases, the maximum stenosis is located 1.5 mm below to 4.5 mm above the flow divider be-
tween the external and internal carotid artery [23]. As shown in Fig. 1, this information was
used to divide the endarterectomies into three parts: upstream, stenosis, and downstream. The
cadmium concentration was examined in each of these parts.

In the remaining 21 carotid endarterectomies it was not technically possible to remove the
plaques with a conserved recognizable anatomical structure and cadmium concentration was
therefore measured in each endarterectomy without knowledge of which vascular section the
plaque originated from.

Measurements of cadmium

The dry weight of all plaque samples was determined after drying at 90°C for 24 h in a thermo-
stat-controlled cupboard. When the samples had dried, 0.10 ml deionised water was added

A B

ECA

CCA
ICA

Upstream
Stenosis
Downstream

Fig 1. Description of a highly stenotic carotid plaque and the division of the endarerectomies. The
figure shows an endarterectomy (an atherosclerotic plaques, excised at operation) and the arrow shows the
direction of the blood flow. The endarterectomy samples were prepared in relation to the blood flow direction
and the bifurcation between the internal (ICA) and external (ECA) carotid artery. The inner flow divider was
defined as the zero point in the vascular lumen, separating the blood flow to ICA and ECA (A) and was
localized at the bifurcation (B) minus 1.5 mm [23]. From that zero point the stenosis part of the plaque was
defined as -1.5 to 4.5 mm. The upstream part was < -1.5 mm and the downstream part as >4.5 mm of the
endarterectomy. CCA—common carotid artery.

doi:10.1371/journal.pone.0121240.g001
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followed by addition of 0.10 ml with a mixture of concentrated perchloric acid and nitric acid
(5:1). The samples were then digested at 110°C for 24 h and thereafter diluted to a volume of
5 ml with deionised water. The blood samples were diluted ten times with an alkaline solution
according to Barany et al. [36]. The concentrations of cadmium in plaque and blood samples
were determined by inductively coupled plasma mass spectrometry (ICP-MS; Thermo X7,
Thermo Elemental, Winsford, UK). The detection limits were 0.050 ng for plaque analysis and
0.05 ug/L for blood analysis. The analytical accuracy was checked against reference materials.
For plaque analysis freeze-dried muscle tissue (Community of Reference, Brussels, BCR 184)
were used (n = 2) and the results obtained were 12.2 and 10.7 vs. certified 13+2 ng cadmium/g.

Two reference materials were used for the blood analysis. For Seronorm Trace Elements
Whole Blood L-1 (SERO AS, Billingstad, Norway), lot. 1103128, the result (ug cadmium/L,
mean+SD) obtained was 0.34+0.02 (n = 4) vs. recommended 0.32-0.40, and for Human Blood
Reference Samples, lot. C-06-16 (Centre de Toxicologie du Quebec, International Comparison
Program, Canada) the result was 1.06+0.02 (n = 4) vs. recommended 1.1+0.13. All blood sam-
ples were prepared in duplicate and the method imprecision (calculated as the coefficient of
variation for duplicate preparations) was 3.1%

Cadmium in whole blood in the 599 women was analysed with ICP-MS as described above,
for further details see [9].

Statistical methods

Statistical analyses were performed with SPSS18.0 (SPSS Inc., Chicago, IL). Results are pre-
sented as number (%), means (standard deviation), or geometric mean (standard error) for
skewed data. Blood cadmium concentrations are presented as geometric mean (5 and 95 per-
centile). Chi-square, ANOVA and trend-tests were used to compare characteristics of partici-
pants by cadmium tertiles. Student’s t-test was used for comparison of continuous variables.
Pearson’s correlation coefficients were calculated and linear multiple regression with log-
transformation of skewed variables and logistic regression for calculation of odds ratio (95%
confidence interval) were used. The variables introduced in the statistical model were risk fac-
tors for cardiovascular disease. Two-tailed p<0.05 was considered statistically significant.

Results
Subclinical plaques: blood cadmium, plaque burden and echogenicity

The geometric mean of the blood cadmium concentration was 0.38 (5-95 percentiles 0.14-
1.69) pg/L. As shown in Table 1, apart from smoking, no other cardiovascular risk factor was
significantly associated with blood cadmium. Increasing levels of blood cadmium concentra-
tions were in univariate analysis associated with an increased number of vascular territories
with atherosclerotic plaques. There was also an association between cadmium concentrations
and the prevalence of low echogenicity femoral plaques.

A linear regression analysis was performed with the number of arterial segments having pla-
ques in each participant as dependent variable and log blood cadmium, smoking history, pack
years, log apolipoprotein B/lipoprotein A-I, systolic blood pressure, diabetes, log waist and stat-
in treatment as independent variables. The results showed that log blood cadmium was associ-
ated with number of arterial territories with plaque (part r = 0.12, p = 0.003; beta-coefficient
0.39, 95% confidence interval 0.13 to 0.64). In the subgroup of never-smokers the correspond-
ing beta-coefficient was 0.09 (95% confidence interval -0.34 to 0.52). In a logistic regression
analysis the odds ratio (OR) for low echogenicity plaques in the carotid and femoral arteries
were 1.2 (95% CI 0.4-3.4) and 0.9 (95% CI 0.3-2.9), respectively, when tertiles 3 and 1 of blood
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Table 1. Characteristics of participants in the substudy of subclinical plaques in a population-based cohort.

Tertiles of blood cadmium p for trend

1 (n = 200) 2 (n=199) 3 (n =200)
Blood cadmium, pg/L (geometric mean, 5-95 percentiles) 0.18 (0.12-0.25) 0.34 (0.26-0.44) 0.91 (0.47-2.48) -
Never smoking history, n (%) 141 (71) 101 (51) 25 (13) 0.005%
Previous smoking history, n (%) 58 (29) 90 (45) 61 (31)
Current smoking history, n (%) 1(1) 8 (4) 114 (57)
Pack years 36 (91) 125 (95) 454 (359) 0.005
Waist, cm 94 (13) 93 (92) 93 (12) n.s.
Systolic blood pressure, mm Hg 146 (19) 145 (18) 143 (18) n.s.
Serum apolipoprotein B/apolipoprotein A-1 0.75 (0.21) 0.75 (0.23) 0.75 (0.21) n.s.
Diabetes, n (%) 81 (41) 63 (32) 74 (37) n.s.
Statin treatment, n (%) 25 (13) 25 (13) 22 (11) n.s.
Number of vascular territories® with prevalent plaques, n (%) 106 (53) 91 (46) 56 (28) 0.005°
One vascular territory with prevalent plaques, n (%) 77 (39) 81 (41) 92 (46)
Two vascular territories with prevalent plaques, n (%) 17 (9) 27 (14) 52 (26)
Prevalence of low echogenicity carotid plaques, n (%) 23 (38) 18 (25) 31 (34) n.s.
Prevalence of low echogenicity femoral plaques, n (%) 27 (60) 33 (69) 61 (77) 0.042

2 p-value (Chi-square) refers to never, previous, current smoking
P The vascular territories are the left or right carotid arteries and the right femoral artery and the alternatives are no, one and two territories with

prevalent plaques.

¢ p-value (Chi-square) refers to numbers (%) of vascular territories with no, one and two prevalent plaques
Characteristics, burden of atherosclerotic plaques and signs of plaque vulnerability in the carotid and right femoral artery territories among 64-year old
women by tertiles of blood cadmium concentrations. Values are mean (standard deviation) unless else is indicated.

doi:10.1371/journal.pone.0121240.1001

cadmium were compared and adjustment was made for the same independent variables as in
the linear regression.

Clinical plaques: cadmium in blood and carotid plaques

The geometric mean of the blood cadmium concentration was 0.45 (5-95 percentiles 0.16 to
1.67) ug/L. The cadmium concentrations in all plaques varied from 0.0072 to 0.0819 ug/g wet
weight (geometric mean 0.022 [5-95 percentiles 0.008-0.074]) and from 0.010 to 0.29 pg/g dry
weight (geometric mean 0.069 [5-95 percentiles 0.019-0.226]).

The characteristics of the patients are shown in Table 2. The clinical diagnoses caused by
the symptomatic carotid plaques were transient ischemic attacks (49%), amaurosis fugax
(30%), minor stroke (19%), and unclassified (3%).

Blood concentrations of cadmium correlated with the cadmium content in the plaques,
both by wet and dry weight (Fig. 2). Smoking history (never, previous, and current smoking)
correlated to blood cadmium (p<0.001), and with borderline significance to plaque cadmium/
wet weight (p = 0.052). Pack years of smoking were associated with blood cadmium with bor-
derline significance (r = 0.35, p = 0.060), and with plaque cadmium/wet weight (r = 0.58,

p = 0.035). The apolipoprotein B/A-I ratio showed the following correlations: with blood cad-
mium (r = 0.17, n.s.), with plaque cadmium/wet weight (r = 0.35, p = 0.035). The concentra-
tions of cadmium in blood or plaques showed no further associations with the patient
characteristics that are presented in Table 1 (data on associations not shown).

In a multiple linear regression analysis, log cadmium in plaques/wet weight was associated
with log blood cadmium (partial correlation coefficient = 0.56, p<0.001) after adjustment for

PLOS ONE | DOI:10.1371/journal.pone.0121240 March 27,2015 6/13
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Table 2. Characteristics of the patients with symptomatic carotid plaques in the clinical substudy
(n=37).

Characteristic Mean (SD) or n (%)
Female sex, n (%) 12 (32.4)

Age, years, (range, SD) 70.1 (51-85, 8.2)
Never smoking history, n (%) 5(13.5)
Previous smoking history, n (%) 18 (48.6)
Current smoking history, n (%) 13 (35.1)

Pack years of smoking, median (range) 27 (0-90)
Hypertension, n (%) 29 (78.4)
Diabetes, n (%) 6 (16.2)
Previous myocardial infarction, n (%) 10 (27.0)

Statin treatment, n (%) 27 (73.0)
Apolipoprotein B/A-I ratio 0.77 (0.20)

doi:10.1371/journal.pone.0121240.t002

smoking history and apolipoprotein B/A-I ratio (R* = 0.46). This partial correlation coefficient
was 0.52 (p<0.001) after further adjustment for sex, age, statin treatment, prevalent hyperten-
sion or diabetes (R* = 0.60). Similar results were obtained for cadmium content in plaque by
dry weight and when smoking history was replaced by pack years of smoking (data not
shown).

Clinical plaques: cadmium distribution

The distribution of cadmium is shown in Fig. 3. The concentration of cadmium was higher in
the upstream section than in the stenosis or downstream sections. In 15 of 16 patients’ cadmi-
um levels by wet weight were higher in the upstream than in the stenosis section (93.8%), and
in 13 of 16 patients compared with the downstream section (81.3%). The corresponding pro-
portions were similar for cadmium levels by dry weight (data not shown).

Clinical plaques: never smoking group

In the group who had never smoked (n = 5) the geometric mean (SE) of the cadmium concen-
tration/g wet plaque weight was 0.014 (0.002) pg/g, to be compared with 0.022 (0.004) and
0.027 (0.006) pg/g in the previous (n = 18) and current (n = 13) smokers. The corresponding
data for cadmium levels by dry weight were 0.045 (0.014), 0.071 (0.016), and 0.082 (0.019) ug/g,
respectively. Similarly, the geometric means of blood cadmium levels were 0.26, 0.37 and

0.76 pg/L in the never, previous, and current smoking groups. Hence, in never-smokers there
was a 50-fold increase in the concentration of cadmium in plaque tissue, compared with the
blood level.

In one never-smoking patient it was possible to examine the concentrations of cadmium
within a carotid plaque. The distribution was exactly as in the total group with a high cadmium
level in the upstream section (0.034 ug/g wet weight) and low levels in the stenosis and down-
stream sections (0.008 and 0.007 pg/g wet weight, respectively).

Discussion

The results of the present study showed that increasing levels of blood cadmium were associat-
ed with increasing numbers of arterial territories with subclinical atherosclerotic plaques in the
carotid and femoral arteries. This finding extends our previous observations of an association

between cadmium exposure and carotid plaques and supports the concept of a pro-atherogenic

PLOS ONE | DOI:10.1371/journal.pone.0121240 March 27,2015 7/183
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Fig 2. Correlation between cadmium levels in blood and atherosclerotic plaques (endarterectomies).
Scatterplot of cadmium concentrations in blood in relation to those in carotid endarterectomies by g of dry and
wet weight (n = 35).

doi:10.1371/journal.pone.0121240.9002

effect [9, 29, 37]. We also investigated if cadmium exposure could be related to indices of pla-
que vulnerability in two different models. While we failed to show an association between cad-
mium exposure and low echogenicity in small to moderate-sized subclinical carotid plaques
after adjustment for potential confounders, our findings in the clinical substudy suggested a
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(SE).

doi:10.1371/journal.pone.0121240.9003

potential role in vulnerability Thus, in patients who underwent carotid endarterectomy because
of symptomatic atherosclerotic lesions the results showed that the content of cadmium within

the plaque was highest in the upstream part, where plaques most often rupture and cause clini-
cal disease. The failure to show a relationship between cadmium exposure and low echogenicity
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has a plausible explanation in the fact that we examined small plaques whereas the documented
associations between low echogenicity, histological features typical of plaque vulnerability and
clinical events are based upon studies of patients with larger and more advanced stenotic pla-
ques [16-18].

There are autopsy studies from Finland, the Netherlands and England in which cadmium
concentrations were measured in different organs or in the aorta [24-27]. Taken together, the
mean cadmium level in abdominal aorta in those studies ranged from 0.16 to 0.36 pg/g (wet
weight). In our study the arithmetic mean of the cadmium levels in carotid plaques was
0.027 pg/g (wet weight). However, these cadmium concentrations are not comparable. Firstly,
we measured cadmium levels in the atherosclerotic plaque which is a pathological tissue locat-
ed in the intima-layer, whereas the mentioned studies examined whole arteries encompassing
all [24-27] or separate [27] layers of the vascular wall. Secondly, the cadmium concentration in
the aorta may not be representative of cadmium in the carotid artery. An experimental study of
dogs in which cadmium was administered intra-peritoneally indicated that there may be differ-
ences in arterial cadmium content between arteries of larger and smaller size [38]. We observed
that our symptomatic carotid plaques have a cadmium concentration about 50 times higher
than that in circulating blood (0.022 pg/g vs. 0.45 pg/L). Moreover, these cadmium levels in
plaque correlate also with the concentrations of cadmium in blood. These findings support the
concept that cadmium is accumulated in plaque tissue and may reach critical concentrations,
having direct effects on the atherosclerotic process.

We interpret our results as supporting the hypotheses that cadmium may have both pro-
atherogenic effects and effects on the mechanisms leading to plaque rupture. Firstly, our results
are in line with previous data showing that cadmium exposure enhances the atherosclerotic
process in experimental models [10-12] and is associated with increased prevalence of inter-
mittent claudication, that is atherosclerotic disease in leg arteries [4, 29], and asymptomatic ca-
rotid artery disease [9, 37]. Secondly, as shown in a recent meta-analysis cadmium exposure is
associated with the morbidity and mortality in coronary heart disease, in which plaque vulner-
ability and plaque rupture are key factors [39]. Plaque rupture is similarly important in ische-
mic stroke caused by symptomatic atherosclerotic disease in the carotid artery [15]. We have
previously shown that in symptomatic carotid plaques, the upstream part of the plaques have
the highest content of intra-plaque haemorrhage and surface thrombosis [23]. This will result
in an accumulation of erythrocytes which contain cadmium, but this cannot explain our find-
ings. Hence, the mechanism underlying the accumulation of cadmium in the particular section
of the plaque where rupture occurs is not known.

For initiation of atherosclerosis the passage of proatherogenic lipoproteins and monocytes
through the endothelial barrier and retention in the intimal layer seem to be key mechanisms
which lead to an inflammatory response and development of plaques [40]. In support of this
concept cadmium exposure has been found to cause endothelial damage and increased perme-
ability in vivo and in vitro and to enhance atherosclerotic plaques in coronary arteries in rab-
bits and in the aorta of ApoE—-/—mice [10, 11, 41]. Increased oxidative stress after cadmium
administration has been demonstrated in rats [12]. Cadmium seems to disrupt cadherin-de-
pendent endothelial cell junctions [10]. Uptake of cadmium in endothelial cells causes DNA-
damages and atypical apoptosis and enhances the endothelial cell expression of the vascular
cell adhesion molecule 1 (VCAM-1) thereby facilitating adhesion and migration of immune
cells into the vessel wall [10-11].

It is a limitation that this is a cross-sectional study and it is not possible to clarify causal
mechanisms. Moreover, it is important to consider the confounding effect of smoking, which is
a major source of cadmium exposure together with cadmium intake by food. However, previ-
ous large prospective epidemiological studies have shown that cadmium exposure is associated
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with future cardiovascular disease also in never-smokers, particularly in men [3-8]. In the pres-
ent clinical study adjustment for smoking history or other cardiovascular risk factors did not
change the association between blood and plaque cadmium concentrations. A subgroup analy-
sis of patients who had never smoked showed that in this group the levels of cadmium in blood
as well as in plaque tissue were lower than corresponding levels in ever-smokers. However, in
never-smokers the cadmium levels in plaque tissue were still 50 times higher than those in
blood. In addition the cadmium concentration in a never-smoker showed the same distribution
within the carotid plaque as in the total group. Taken together, these data indicate that our ob-
servations are not explained by smoking per se.

In the subclinical study, a subgroup analysis of the never smokers showed that the 95% con-
fidence interval of the beta-coefficient overlapped with that in the total group, indicating that
with a larger study it would have been possible to demonstrate if there was an association be-
tween blood cadmium and the number of vascular territories with prevalent plaques. The
study of subclinical plaques was performed in women and the results cannot be inferred to
men, although the pro-atherogenic effects were shown in the sex with the smallest risk for
cardiovascular disease.

We conclude that our data extend the knowledge from epidemiological and experimental
studies of cadmium as a risk factor for atherosclerotic diseases. We have shown that increasing
cadmium exposure is associated with increased burden of subclinical atherosclerotic plaques
and that symptomatic carotid plaques contain cadmium in levels much higher than those in
blood, that cadmium concentrations in blood and plaques correlate and that within the plaques
the cadmium concentration is highest in upstream section, where plaque vulnerability often is
most pronounced.

Acknowledgments

Goteborg Atheroma Study Group provided blood, endarterectomies and clinical data. We are
grateful to Josefin Kjelldahl, Marie-Louise Ekholm and Caroline Schmidt for technical assis-
tance and collection of data.

Author Contributions

Conceived and designed the experiments: GB BF GS TL LB. Performed the experiments: GB
BF GS TL LB. Analyzed the data: GB BF GS TL LB. Contributed reagents/materials/analysis
tools: GB BF GS TL LB. Wrote the paper: GB BF GS TL LB.

References

1. Nordberg GF, Nogaw K, Nordberg M, Friberg L. Cadmium. In: Nordberg GF, Fowler GF, Nordberg M,
Friberg L, editors. Handbook on the Toxicology of Metals. Amsterdam: Elsevier 2007. pp. 445-486

2. JarupL, Akesson A. Current status of cadmium as an environmental health problem. Toxicol Appl Phar-
macol. 2009; 238: 201-208. doi: 10.1016/j.taap.2009.04.020 PMID: 19409405

3. Menke A, Muntner P, Silbergeld EK, Platz EA, Guallar E. Cadmium levels in urine and mortality among
U.S. adults. Environ Health Perspect. 2009; 117:190-196. doi: 10.1289/ehp.11236 PMID: 19270787

4. Tellez-Plaza M, Navas-Acien A, Crainiceanu CM, Sharrett AR, Guallar E. Cadmium and peripheral ar-
terial disease: gender differences in the 1999-2004 US National Health and Nutrition Examination Sur-
vey. Am J Epidemiol. 2010; 172: 671-681. doi: 10.1093/aje/kwq172 PMID: 20693268

5. Peters JL, Perlstein TS, Perry MJ, McNeely E, Weuve J. Cadmium exposure in association with history
of stroke and heart failure. Environ Res. 2010; 110:199-206. doi: 10.1016/j.envres.2009.12.004 PMID:
20060521

6. Tellez-Plaza M, Navas-Acien A, Menke A, Crainiceanu CM, Pastor-Barriuso R, Guallar E. Cadmium ex-
posure and all-cause and cardiovascular mortality in the U.S. general population. Environ Health Per-
spect. 2012; 120:1017-1022. doi: 10.1289/ehp.1104352 PMID: 22472185

PLOS ONE | DOI:10.1371/journal.pone.0121240 March 27,2015 11/13


http://dx.doi.org/10.1016/j.taap.2009.04.020
http://www.ncbi.nlm.nih.gov/pubmed/19409405
http://dx.doi.org/10.1289/ehp.11236
http://www.ncbi.nlm.nih.gov/pubmed/19270787
http://dx.doi.org/10.1093/aje/kwq172
http://www.ncbi.nlm.nih.gov/pubmed/20693268
http://dx.doi.org/10.1016/j.envres.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20060521
http://dx.doi.org/10.1289/ehp.1104352
http://www.ncbi.nlm.nih.gov/pubmed/22472185

@’PLOS | ONE

Cadmium Exposure, Atherosclerotic Plaque Burden and Vulnerability

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Tellez-Plaza M, Guallar E, Howard BV, Umans JG, Francesconi KA, Goessler W, et al. Cadmium expo-
sure and incident cardiovascular disease. Epidemiology. 2013; 24: 421-429. doi: 10.1097/EDE.
0b013e31828b0631 PMID: 23514838

Tellez-Plaza M, Jones MR, Dominguez-Lucas A, Guallar E, Navas-Acien A. Cadmium exposure and
clinical cardiovascular disease: a systematic review. Curr Atheroscler Rep. 2013; 15: 356. doi: 10.
1007/s11883-013-0356-2 PMID: 23955722

Fagerberg B, Bergstrdom G, Borén J, Barregard L. Cadmium exposure is accompanied by increased
prevalence and future growth of atherosclerotic plaques in 64-year-old women. J Intern Med. 2012;
272:601-610. doi: 10.1111/.1365-2796.2012.02578.x PMID: 22812670

Messner B, Knoflach M, Seubert A, Ritsch A, Pfaller K, Henderson B, et al. Cadmium is a novel and in-
dependent risk factor for early atherosclerosis mechanisms and in vivo relevance. Arterioscler Thromb
Vasc Biol. 2009; 29: 1392—-1398. doi: 10.1161/ATVBAHA.109.190082 PMID: 19556524

Knoflach M, Messner B, Shen YH, Frotschnig S, Liu G, Pfaller K, et al. Non-toxic cadmium concentra-
tions induce vascular inflammation and promote atherosclerosis. Circ J. 2011; 75: 2491-2495. PMID:
21799275

Subramanyam G, Bhaskar M, Govindappa S. The role of cadmium in induction of atherosclerosis in
rabbits. Indian Heart J. 1992; 44:177-180. PMID: 1427952

Almenara CC, Broseghini-Filho GB, Vescovi MV, Angeli JK, Faria Tde O, Stefanon |, et al. Chronic cad-
mium treatment promotes oxidative stress and endothelial damage in isolated rat aorta. PLoS One.
2013 12; 8(7):e68418. doi: 10.1371/journal.pone.0068418 PMID: 23874620

Joakimsen O, Bonaa KH, Stensland-Bugge E, Jacobsen BK. Age and sex differences in the distribution
and ultrasound morphology of carotid atherosclerosis: the Tromsg Study. Arterioscler Thromb Vasc
Biol. 1999; 19: 3007-3013. PMID: 10591682

Redgrave JN, Lovett JK, Gallagher PJ, Rothwell PM. Histological assessment of 526 symptomatic ca-
rotid plaques in relation to the nature and timing of ischemic symptoms: the Oxford plaque study. Circu-
lation. 2006; 113:2320-2328. PMID: 16651471

Nordestgaard BG, Grgnholdt ML, Sillesen H. Echolucent rupture-prone plagues. Curr Opin Lipidol.
2003; 14:505-512. PMID: 14501590

Mathiesen EB, Bgnaa KH, Joakimsen O. Echolucent plaques are associated with high risk of ischemic
cerebrovascular events in carotid stenosis: the Tromsg study. Circulation. 2001; 103:2171-2175.
PMID: 11331258

Aldemir E, Apaydin M, Varer M, Uluc E. Echolucency of carotid plaques and cerebrovascular events. J
Clin Ultrasound. 2012; 40: 399-404. doi: 10.1002/jcu.21951 PMID: 22678951

Schmidt C, Fagerberg B, Hulthe J. Non-stenotic echolucent ultrasound-assessed femoral artery pla-
ques are predictive for future cardiovascular events in middle-aged men. Atherosclerosis. 2005; 181:
125-130. PMID: 15939063

Lovett JK, Rothwell PM. Site of carotid plague ulceration in relation to direction of blood flow: an angio-
graphic and pathological study. Cerebrovasc Dis. 2003; 16: 369-375. PMID: 13130178

Dirksen MT, van der Wal C, van den Berg FM, van der Loos CM, Becker AE. Distribution of inflammato-
ry cells in atherosclerotic plaques relates to the direction of flow. Circulation. 1998; 98: 2000-2003.
PMID: 9808596

Yilmaz A, Lipfert B, Cicha I., Schubert K, Klein M, Raithel D, et al. Accumulation of immune cells and
high expression of chemokines/chemokine receptors in the upstream shoulder of atherosclerotic carot-
id plagues. Exp Mol Pathol. 2007; 82: 245-255. PMID: 17222820

Fagerberg B, Ryndel M, Kjelldahl J, Akyurek LM, Rosengren L, Karlstrém L, et al. Differences in lesion
severity and cellular composition between in vivo assessed upstream and downstream sides of human
symptomatic carotid atherosclerotic plaques. J Vasc Res. 2010; 47:221-230. doi: 10.1159/
000255965 PMID: 19893319

Vuori E, Huunan-Seppéla A, Kilpié JO, Salmela SS. Biologically active metals in human tissues. Il. The
effect of age on the concentration of cadmium in aorta, heart, kidney, liver, lung, pancreas and skeletal
muscle. Scand J Work Environ Health. 1979; 5: 16—22. PMID: 441705

Aalbers TG, Houtman JP, Makkink B. Trace-element concentrations in human autopsy tissue. Clin
Chem. 1987; 33:2057-2064. PMID: 3677380

Aalbers TG, Houtman JP. Relationships between trace elements and atherosclerosis. Sci Total Envi-
ron. 1985; 43: 255-283. PMID: 4012298

Abu-Hayyeh S, Sian M, Jones KG, Manuel A, Powell JT. Cadmium accumulation in aortas of smokers.
Arterioscler Thromb Vasc Biol. 2001; 21: 863—867. PMID: 11348888

PLOS ONE | DOI:10.1371/journal.pone.0121240 March 27,2015 12/13


http://dx.doi.org/10.1097/EDE.0b013e31828b0631
http://dx.doi.org/10.1097/EDE.0b013e31828b0631
http://www.ncbi.nlm.nih.gov/pubmed/23514838
http://dx.doi.org/10.1007/s11883-013-0356-2
http://dx.doi.org/10.1007/s11883-013-0356-2
http://www.ncbi.nlm.nih.gov/pubmed/23955722
http://dx.doi.org/10.1111/j.1365-2796.2012.02578.x
http://www.ncbi.nlm.nih.gov/pubmed/22812670
http://dx.doi.org/10.1161/ATVBAHA.109.190082
http://www.ncbi.nlm.nih.gov/pubmed/19556524
http://www.ncbi.nlm.nih.gov/pubmed/21799275
http://www.ncbi.nlm.nih.gov/pubmed/1427952
http://dx.doi.org/10.1371/journal.pone.0068418
http://www.ncbi.nlm.nih.gov/pubmed/23874620
http://www.ncbi.nlm.nih.gov/pubmed/10591682
http://www.ncbi.nlm.nih.gov/pubmed/16651471
http://www.ncbi.nlm.nih.gov/pubmed/14501590
http://www.ncbi.nlm.nih.gov/pubmed/11331258
http://dx.doi.org/10.1002/jcu.21951
http://www.ncbi.nlm.nih.gov/pubmed/22678951
http://www.ncbi.nlm.nih.gov/pubmed/15939063
http://www.ncbi.nlm.nih.gov/pubmed/13130178
http://www.ncbi.nlm.nih.gov/pubmed/9808596
http://www.ncbi.nlm.nih.gov/pubmed/17222820
http://dx.doi.org/10.1159/000255965
http://dx.doi.org/10.1159/000255965
http://www.ncbi.nlm.nih.gov/pubmed/19893319
http://www.ncbi.nlm.nih.gov/pubmed/441705
http://www.ncbi.nlm.nih.gov/pubmed/3677380
http://www.ncbi.nlm.nih.gov/pubmed/4012298
http://www.ncbi.nlm.nih.gov/pubmed/11348888

@’PLOS | ONE

Cadmium Exposure, Atherosclerotic Plaque Burden and Vulnerability

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Brohall G, Behre CJ, Hulthe J, Wikstrand J, Fagerberg B. Prevalence of diabetes and impaired glucose
tolerance in 64-year-old Swedish women: experiences of using repeated oral glucose tolerance tests.
Diabetes Care. 2006; 29: 363—-367. PMID: 16443888

Fagerberg B, Bergstrom G, Borén J, Barregard L. Cadmium exposure, intercellular adhesion molecule-
1 and peripheral artery disease: a cohort and an experimental study. BMJ Open. 2013 Mar 6; 3(3). doi:
10.1136/bmjopen-2012-002489

Olson F, Thurison T, Ryndel M, Hgyer-Hansen G, Fagerberg B. Soluble urokinase-type plasminogen
activator receptor forms in plasma as markers of atherosclerotic plaque vulnerability. Clin Biochem.
2010; 43: 124-130. doi: 10.1016/j.clinbiochem.2009.09.028 PMID: 19822140

Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes mellitus and its complica-
tions. Part 1: diagnosis and classification of diabetes mellitus provisional report of a WHO consultation.
Diabet Med. 1998; 15: 539-553. PMID: 9686693

Stein JH, Korcarz CE, Hurst RT, Lonn E, Kendall CB, Mohler ER, et al. American Society of Echocardi-
ography Carotid Intima-Media Thickness Task Force. Use of carotid ultrasound to identify subclinical
vascular disease and evaluate cardiovascular disease risk: a consensus statement from the American
Society of Echocardiography Carotid Intima-Media Thickness Task Force. J Am Soc Echocardiogr.
2008; 21:93-111. doi: 10.1016/j.echo.2007.11.011 PMID: 18261694

Wendelhag |, Liang Q, Gustavsson T, Wikstrand J. A new automated computerized analyzing system
simplifies readings and reduces the variability in ultrasound measurement of intima-media thickness.
Stroke. 1997; 28: 2195-2200. PMID: 9368564

Prahl U, Holdfeldt P, Bergstrom G, Fagerberg B, Hulthe J, Gustavsson T. Percentage white: a new fea-
ture for ultrasound classification of plaque echogenicity in carotid artery atherosclerosis. Ultrasound
Med Biol. 2010; 36: 218—-226. doi: 10.1016/j.ultrasmedbio.2009.10.002 PMID: 20018430

Gray-Weale AC, Graham JC, Burnett JR, Byrne K, Lusby RJ. Carotid artery atheroma: Comparison of
preoperative B-mode ultrasound appearance with carotid endarterectomy specimen pathology. J Car-
diovasc Surg. 1988; 29: 676—-681. PMID: 3062007

Barany E, Bergdahl |, Schiitz A, Skerfving S, Oskarsson A. Inductively coupled plasma mass spectrom-
etry for direct multi-element analysis of diluted human blood and serum. J Anal At Spectrom. 1997; 12:
1005—-1009.

Fagerberg B, Barregard L, Sallsten G, Forsgard N, Ostling G, Persson M, et al. Cadmium exposure and
atherosclerotic carotid plaques—Results from the Malmé diet and Cancer study. Environ Res. 2015;
136: 67-74. doi: 10.1016/j.envres.2014.11.004 PMID: 25460622

Thind GS, Fischer GM. Cadmium and Zinc distribution in cardiovascular and other tissues of normal
and cadmium-treated dogs. Exp Mol Pathol. 1975; 22: 326-334. PMID: 1126426

Thim T, Hagensen MK, Bentzon JF, Falk E. From vulnerable plaque to atherothrombosis. J Intern Med.
2008; 263:506-516. doi: 10.1111/j.1365-2796.2008.01947.x PMID: 18410594

Ross R. Atherosclerosis—an inflammatory disease. N Engl J Med. 1999; 340: 115-126. PMID:
9887164

Prozialeck WC, Edwards JR, Nebert DW, Woods JM, Barchowsky A, Atchison WD. The vascular sys-
tem as a target of metal toxicity. Toxicol Sci. 2008; 102: 207-218. PMID: 17947343

PLOS ONE | DOI:10.1371/journal.pone.0121240 March 27,2015 13/13


http://www.ncbi.nlm.nih.gov/pubmed/16443888
http://dx.doi.org/10.1136/bmjopen-2012-002489
http://dx.doi.org/10.1016/j.clinbiochem.2009.09.028
http://www.ncbi.nlm.nih.gov/pubmed/19822140
http://www.ncbi.nlm.nih.gov/pubmed/9686693
http://dx.doi.org/10.1016/j.echo.2007.11.011
http://www.ncbi.nlm.nih.gov/pubmed/18261694
http://www.ncbi.nlm.nih.gov/pubmed/9368564
http://dx.doi.org/10.1016/j.ultrasmedbio.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/20018430
http://www.ncbi.nlm.nih.gov/pubmed/3062007
http://dx.doi.org/10.1016/j.envres.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25460622
http://www.ncbi.nlm.nih.gov/pubmed/1126426
http://dx.doi.org/10.1111/j.1365-2796.2008.01947.x
http://www.ncbi.nlm.nih.gov/pubmed/18410594
http://www.ncbi.nlm.nih.gov/pubmed/9887164
http://www.ncbi.nlm.nih.gov/pubmed/17947343

