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ABSTRACT
Objectives: Cadmium exposure has been found to be
associated with atherosclerotic plaques in the carotid
arteries and with circulating levels of the
proatherogenic intercellular adhesion molecule-1
(ICAM-1). The research questions were (1) if blood and
urinary cadmium levels are associated with low
ankle-brachial index (ABI) as a measure of peripheral
artery disease in a longitudinal study and (2) if ICAM-1
mediates proatherogenic effects of cadmium exposure.
Design: A prospective, observational cohort study
with a 5-year follow-up and an experimental study of
cultured human aortic endothelial cells exposed to
cadmium.
Setting: Research unit at a university hospital.
Participants: A cohort of 64-year-old women (n=489)
recruited by stratified sampling of similarly sized
groups with normal, impaired and diabetic glucose
tolerance as assessed in a population-based screening
examination.
Primary and secondary outcome measures: ABI
(ratio of the systolic blood pressures in the tibial and
brachial arteries ≤0.9 in any artery) in relation to
cadmium exposure; ICAM-1 concentrations in the cell
culture medium after cadmium incubation.
Results: High (tertile 3 vs 1) concentrations of blood
(B-Cd) or creatine-adjusted urinary cadmium (U-Cd) at
baseline were found to predict low ABI after adjustment
for smoking and other cardiovascular risk factors at
baseline. For U-Cd the OR was 2.5 (95% CI 1.1 to
5.8). After exclusion of participants with ultrasound-
assessed femoral atherosclerosis at baseline the OR
for U-Cd was unchanged, and for B-Cd it was 3.7
(95% CI 1.05 to 13.3). Inclusion of serum ICAM-1
levels did not affect the cadmium-related ORs in
multivariate analyses. The experimental study did
not show any cadmium-induced increase of
the production of ICAM-1 from human
endothelial cells.
Conclusions: Cadmium exposure was associated with
future peripheral artery disease, supporting the concept
that cadmium exposure in the population has
proatherogenic effects, although ICAM-1 mediated
effects do not seem to be involved.

INTRODUCTION
Cadmium is a non-essential metal widely dis-
tributed in the environment. Environmental
exposure to cadmium occurs primarily
through consumption of food and smoking.1 2

Women have higher cadmium uptake than
men, mainly explained by increased intestinal
absorption of dietary cadmium at low iron
stores secondary to menstruation and preg-
nancy.3 4 Cadmium concentrations in urine
and whole blood concentration have long bio-
logical half-lives and are valid biomarkers of
exposure, irrespective of source.1

ARTICLE SUMMARY

Article focus
▪ Cadmium exposure is associated with athero-

sclerotic plaques in the carotid arteries and with
circulating levels of the proatherogenic intercellu-
lar adhesion molecule-1 (ICAM-1).

▪ The research questions were (1) if low
ankle-brachial index as a measure of peripheral
artery disease in a longitudinal study is associated
with cadmium exposure and (2) if ICAM-1 med-
iates proatherogenic effects of cadmium exposure.

Key messages
▪ Cadmium exposure was associated with periph-

eral artery disease at the 5-year follow-up.
▪ Multivariate statistical analyses did not indicate

that ICAM-1 mediates a proatherogenic effect of
cadmium.

▪ In cultured human aortic endothelial cells,
cadmium exposure did not induce the expression
of ICAM-1.

Strengths and limitations of this study
▪ Further evidence of the proatherogenic effect of

cadmium exposure was obtained and the
hypothesis of ICAM-1 as a potential mediating
molecule was not confirmed.

▪ As only women and individuals at similar age
were studied, further studies of larger cohorts
with both sexes are warranted.
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Results from cross-sectional and prospective studies
have indicated an association between cadmium expos-
ure and cardiovascular disease,5–9 although these data
are not consistent and results differ between countries
and between men and women.5–10 Experimental studies
have shown that cadmium causes endothelium dysfunc-
tion in vitro and promotes the formation of atheroscler-
otic plaques in vivo.5 11–14 We have recently shown that
in a cohort of 64-year-old women cadmium concentra-
tions in whole blood and urine were associated with the
prevalence and size of atherosclerotic plaques in the
carotid arteries, independently of smoking and other
cardiovascular risk factors.15 In addition, we observed
that the change in plaque area during more than 5-year
follow-up was associated with cadmium exposure at base-
line. A further finding was that circulating intercellular
adhesion molecule-1 (ICAM-1) levels were associated
with both degree of cadmium exposure and plaque
occurrence and area.15 ICAM-1 is expressed by endothe-
lium and other cell types and involves both monocyte
and lymphocyte adhesion to the endothelium which is
believed to be an important component in the athero-
sclerotic process.16 In endothelial cells from mouse
brain microvessels cadmium has been reported to stimu-
late the expression of ICAM-1 via NF-κB activation.17

Against this background we hypothesised that
cadmium-induced expression of ICAM-1 and proinflam-
matory cytokines in human endothelium might be a
mechanistic link between cadmium-exposure and ath-
erosclerosis. If that would be the case, circulating
ICAM-1 levels might also be associated with the occur-
rence of peripheral artery disease. Such disease can be
assessed as a low ankle-brachial index, which is both a
valid measure of atherosclerotic disease in the arteries of
the legs and a powerful indicator of future cardiovascu-
lar disease.18 Hence, the aims of the present study were
(1) to examine if cadmium exposure was associated with
future peripheral artery disease measured as
ankle-brachial index and (2) if ICAM-1 mediates
proatherogenic effects of cadmium exposure.

METHODS
Subjects
As previously described in detail, all 64-year-old women
in Gothenburg were identified in the County Register
and were invited during 2001–2003 to Sahlgrenska
University Hospital for a screening examination with
oral glucose tolerance tests.19 Exclusion criteria were
cancer, chronic inflammatory disease and severe mental
disorder. A stratified sampling procedure was used to
recruit similar-sized groups of women with normal,
impaired and diabetic glucose tolerance.15 19 After a
baseline examination that included 599 women with
measurements of cadmium exposure, a follow-up exam-
ination was performed in 489 participants after a
median time of 5.4 years (minimum 5.1, maximum
6.7 years). Reasons for non-participation have been

described elsewhere.15 As also previously described,
women lost to follow-up did not differ from the partici-
pants in the re-examination in terms of cadmium expos-
ure, but had a more adverse cardiovascular risk factor
profile including elevated serum ICAM-1 levels.15

However, the prevalence of femoral artery plaques at
baseline did not differ between participants (29.9%)
and non-participants (30.6%). The study was approved
by the regional ethics committee and all participating
individuals gave informed consent.
Information was lacking on pack-years of smoking

(n=21), statin treatment (n=7), HbA1c (n=3), ICAM-1
(n=1) and apoliprotein B/A-I (n=3). Data on both
blood cadmium and creatine-adjusted cadmium concen-
trations were available in 422 women while one of these
measures of cadmium exposure was available in 36
women.

Examinations
At baseline, questionnaires were used to obtain informa-
tion on previous and present diseases, current medica-
tion and smoking history.19 Pack-years were calculated as
the number of cigarette packs smoked daily multiplied
with the number of years of smoking. Body weight,
height and blood pressure were measured, and blood
samples were drawn after an overnight fast with prepar-
ation for storing in freezer at –80°C within 4 h. The par-
ticipants collected urine for 12 h over night. The urine
volume was measured and 20 ml was stored in freezer at
–80°C.
As previously described in greater detail, the right

femoral arteries were examined with ultrasound.20 The
examination was performed with an ultrasound scanner
(Acuson Sequoia, Siemens, Mountain View, California,
USA). The femoral artery was scanned distally to the
inguinal ligament at the site where the artery divides
into the superficial femoral artery and the profound
femoral artery. The femoral artery was scanned ≈40 mm
proximal to the bifurcation and further in the superfi-
cial and profound femoral arteries about 10 mm distal
to the bifurcation, with the aim to identify and record
the occurrence of atherosclerotic plaques. A plaque was
defined as a distinct area with an intima-media thickness
more than 50% thicker as compared with neighbouring
sites (visually judged). The occurrence of femoral
plaques is associated with the ankle-brachial index in
both the left and right legs.21

At follow-up blood pressure in the posterior and anter-
ior tibial arteries were measured twice bilaterally using a
handheld Doppler (Nicolet, Vascular, Elite model
no.100, Vialysis Helthcare, Madison, Wisconsin) and the
mean values were calculated, respectively.22 Mean systolic
blood pressure was calculated from duplicate measure-
ments in the right brachial artery using a cuff that was
appropriate to the size of the arm. The ankle-brachial
index was calculated by dividing the blood pressure for
each ankle measurement with systolic blood pressure of
the right arm. Presence of peripheral artery disease was
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defined as an ankle-brachial index ≤0.9 in any of the
four lower limb arteries.18 20 21–23

Biochemistry
As previously described in detail, cadmium concentra-
tions were determined by inductively coupled plasma-
mass spectrometry (ICP-MS; Thermo X7, Thermo
Elemental, Winsford, UK) at the department of
Occupational and Environmental Medicine, Lund
University, Sweden.15 The detection limits were 0.05 µg/l
for blood cadmium and 0.03 µg/l for urine cadmium,
respectively. Imprecision as calculated from duplicate
analyses was 4% (coefficient of variation; CV) for both
blood and urine cadmium. High-sensitive ELISA kits
were used to measure ICAM-1 (R&D System Europe Ltd,
Abingdon, UK). Intra-assay and interassay CV for ICAM-1
were 3.3% and 6%. All other analyses were performed
with well-documented routine methods as previously
described.19 WHO criteria were used for the definitions
of diabetes mellitus.24

Cell culture and cadmium incubation
Fresh human aortic endothelial cells (Lonza, Basel,
Switzerland) were cultured in EGM2 medium supple-
mented with 3% fetal bovine serum (Lonza, Basel,
Switzerland), and seeded onto six-well tissue culture
plates after two passages. The culture medium did not
contain any phosphate-buffered saline. Cells were incu-
bated for 48 h with 100 or 500 µg/l cadmium (CdCl2).
Cytokine levels in the cell culture medium were analysed
with a SECTOR Imager 2400 reader (MesoScale
Discovery, Gaithersburg, Maryland, USA). Total RNA was
extracted from the cells using RNeasy Kit (QIAGEN,
Hilden, Germany) and cDNA was synthesised using the
high-capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, California, USA). mRNA expres-
sion of ICAM was analysed with TaqMan real-time PCR
in an ABI Prism 7900 HT Detection System (Applied
Biosystems).
Prior to this experiment we explored the effects of

lower concentrations of cadmium. The human aortic
endothelial cells were incubated for 72 h with and
without CdCl2 at three concentrations: 1, 10 and
100 µg/l. Aortic cellular expression of ICAM-1 was exam-
ined with fluorescence-activated cell sorting (FACS) (BD
Accuri C6 Flow Cytometer, San Jose, California, USA)
and ICAM-1 concentration was measured in the culture
medium. We further tested with lower and higher con-
centrations of CdCl2 (0.1 and 500 μg/l, respectively) and
incubated the cells with and without the cadmium
carrier metallothionein (25 ng/ml).

Statistics
Statistical analyses were performed with SPSS V.18.0
(SPSS Inc, Chicago, Illinois, USA). Results are presented
as number (%), means (SD) or median (5–95 percent-
ile) for skewed data. χ2, analysis of variance and
trend-tests were used to compare characteristics of

participants by cadmium tertiles. Student t test was used
for comparison of continuous variables. Pearson’s correl-
ation coefficients were calculated and linear multiple
regression with log-transformation of skewed variables
was used. Logistic regression analyses were performed to
calculate the OR for occurrence of low ankle-brachial
index. The 95% CI were calculated. The variables intro-
duced in the statistical model were risk factors for car-
diovascular disease at baseline (pack-years of smoking,
current smoking, systolic blood pressure, HbA1c and
apolipoprotein B/A-I as measures of dyslipidaemia) as
well as glucose tolerance status at baseline (normal or
impaired or diabetic glucose tolerance) and statin treat-
ment. Serum ICAM-I was introduced in the final model.
Femoral plaque occurrence at baseline was used as a
proxy for prevalent stenotic artery disease in the legs. In
a sensitivity analysis the calculation was repeated after
exclusion of women with femoral plaques at baseline.
Two-tailed p<0.05 was considered statistically significant.
For analyses of non-linear association between cadmium
levels and occurrence of low ankle-brachial index (see
online supplementary material).

RESULTS
Cadmium exposure and occurrence of low ankle-brachial
index
In this cohort the geometric means of blood cadmium
and creatine-adjusted urinary cadmium were 0.37 μg/l
and 0.36 μg/g creatine, respectively. As demonstrated in
figure 1 increased levels of blood and urinary cadmium
at baseline were associated with more cases with low
ankle-brachial index in one or both legs at follow-up.
The baseline characteristics of the participants are

described in table 1. Fifty-five women (12%) were found
to have low ankle-brachial index at the follow-up examin-
ation. These women differed from the women with
normal ankle-brachial index in characteristics at base-
line. They were more often smokers, had more pack-
years; the mean systolic blood pressure and the propor-
tion of women on treatment with antihypertensive drugs
were higher. HbA1c tended also to be higher and blood
cadmium and urinary cadmium levels as well as serum
ICAM-1 concentrations were elevated (table 1). This
group had more often atherosclerotic plaques in the
right femoral artery (table 1).
Logistic regression analysis with occurrence of low

ankle-brachial index at follow-up as a dependent variable
and baseline characteristics as independent variables was
performed. In comparison with tertile 1 of blood
cadmium levels, tertile 3 was associated with an
unadjusted OR of 2.8 (95% CI 1.4 to 5.7) for occurrence
of low ankle-brachial index, and 2.4 (0.9 to 6.3) after
adjustment. This OR did not change after further adjust-
ment for ICAM-1 (table 2). In the sensitivity analysis that
only included women who were plaque free at baseline,
the OR for low ankle-brachial index was 3.8 (1.1 to 13.3)
after full adjustment (table 2). Corresponding analyses
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for tertiles of creatine-adjusted urinary cadmium levels
showed an unadjusted OR of 3.1 (1.5 to 6.1), and 2.5
(1.1 to 5.8) after adjustment with no major difference
after further adjustment for ICAM-1 (table 3). In the
sensitivity analysis the OR was 2.5 (0.8 to 7.4).
Logistic regression analyses were also performed with

log2 transformed blood cadmium and urinary cadmium
levels with adjustment for pack-years, and current
smoking as independent variables. The corresponding
ORs were 1.3 (0.9 to 2.1) and 1.0 (0.98 to 1.03), respect-
ively. Taken together, these analyses indicate a non-linear
relationship between cadmium exposure and occurrence
of low ankle-brachial index. This observation is further
supported by an analysis based on B-Cd and U-Cd
treated as continuous variables using splines (see online
supplementary material).

Serum ICAM-1 in relation to low ankle--brachial index,
cadmium levels and smoking
At baseline ICAM-1 levels were gradually increased from
women who had normal ankle-brachial index to those
with low index at follow-up in one leg, and both
legs, respectively (246 (percentiles 5–95: 178–381), 282

(133–563), and 294 (195–593) ng/ml, respectively,
p=0.001 for trend). Log ICAM-1 correlated to log blood
cadmium (r=0.24, p<0.001), log creatine-adjusted
urinary cadmium (r=0.22, p<0.001), pack-years (r=0.21,
p<0.001) and current smoking (r=0.26, p<0.001). In a
multiple regression analysis the associations between log
ICAM-1 and log creatine-corrected urinary cadmium
levels remained after adjustment for current smoking
and pack-years, whereas this was not the case for log
blood cadmium (data not shown). The corresponding
geometric mean ratios (95% CI) of ICAM-1 per unit
increase in log urine or log blood cadmium levels were
1.13 (1.03 to 1.26) and 1.09 (0.96 to 1.24), respectively.
Log ICAM-1 levels were mainly associated with current
smoking in multivariate analysis (p<0.008).

Cell culture and cadmium incubation
As we had found that serum ICAM levels were associated
with both circulating cadmium concentrations and
occurrence of low ankle-brachial index, we tested the
hypothesis that cadmium has proinflammatory effects
on endothelium. Fresh human aortic endothelial cells
were incubated for 48 h in a medium supplemented
with 100 or 500 µg/l cadmium (table 4). The mRNA
expression of ICAM and cytokine levels in the culture
medium were then analysed. The results showed that
cadmium did neither induce increased expression of
ICAM or increased cytokine levels in the culture
medium (table 2).
In the initial exploring experiment with lower concen-

trations of cadmium in the culture medium the results
did not indicate any effects of CdCl2. The FACS results
showed that the aortic endothelial cell expression of
ICAM-1 (median) were 50 658, 52 099, 50 134 and
48 554 fluoroscence units in untreated cells and in those
incubated with 1, 10 and 100 μg/l. Neither did the levels
of ICAM-1 in the culture medium show any clear differ-
ences between the different cadmium concentrations
(data not shown). In the additional tests with lower and
higher concentrations of CdCl2 (0.1 and 500 μg/l,
respectively) and incubation with and without the
cadmium carrier metallothionein (25 ng/ml) no
increased expression of ICAM-1 was observed (data not
shown).

DISCUSSION
We found that blood cadmium concentrations above
0.44 μg/l and urinary cadmium levels above 0.46 μg/g
creatine were associated with OR>2 for peripheral artery
disease in comparison with participants in the lowest ter-
tiles of cadmium exposure after 5.4 years of follow-up.
This increase in risk remained for blood cadmium levels
after exclusion of participants with plaques in the right
femoral artery and adjustment for pack-years, current
smoking and other cardiovascular risk factors at base-
line. Previously published studies from the National
Health and Nutrition Examination Survey have shown

Figure 1 Baseline data on how tertiles of blood cadmium

levels (upper panel) and creatine-adjusted urinary cadmium

(lowel panel) were related to the occurrence of low

ankle-brachial index (≤0.9) at the follow-up examination after

5.4 years. Unfilled bars represent any case with low

ankle-brachial index, striped bars represent cases with

low ankle-brachial index in one leg and black bars those with

low ankle-brachial index in both legs.
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Table 1 Characteristics at baseline of the cohort of 64-year-old women by occurrence of low ankle-brachial index (ABI) at follow-up after 5.4 years (n=458)

At the follow-up examination

Baseline characteristics ABI ≤0.9 (n=55) ABI >0.9 (n=403) Total (n=458) p Value (ABI groups)

Body mass index (kg/m2) (mean (SD))* 27.7 (4.1) 27.6 (4.5) 27.6 (4.4) 0.87

Smoking

Never, n (%) 19 (35) 197 (49) 216 (47) 0.001

Previous, n (%) 16 (29) 148 (37) 164 (36)

Current, n (%) 20 (36) 58 (14) 78 (17)

Pack-years, n (median (5–95 percentiles)) 14 (0–47) 1 (0–35) 1.4 (0–40) 0.001

Known hypertension, n (%) 20 (36) 104 (26) 124 (27) 0.10

Diabetes mellitus, n (%) 23 (42) 118 (29) 141 (31) 0.06

Hypertension treatment, n (%) 25 (46) 119 (30) 144 (31) 0.017

Statin treatment, n (%) 11 (20) 47 (12) 58 (13) 0.081

Systolic blood pressure (mm Hg) 151 (23) 142 (18) 144 (19) 0.008

Serum apolipoproteins B/A-I (median (5–95 percentiles)) 0.75 (0.44–1.10) 0.71 (0.46–1.15) 0.72 (0.48–1.14) 0.74

HbA1c (%) (median (5–95 percentiles)) 4.8 (4.2–9.1) 4.7 (4.1–6.3) 4.7 (4.1–6.6) 0.051

Serum ICAM-1 (ng/ml) (median (5–95 percentiles)) 292 (163–541) 246 (178–381) 249 (178–390) 0.001

Blood cadmium (μg/l) (median (5–95 percentiles)) (51/389) † 0.53 (0.14–2.19) 0.31 (0.14–1.15) 0.33 (0.14–1.65) 0.001

Urinary cadmium (μg/g creatine) (median (5–95 percentiles)) (55/385)† 0.57 (0.14–1.47) 0.34 (0.14–0.95) 0.35 (0.14–0.96) 0.001

Plaque in the right femoral artery, n (%) 23 (42) 112 (28) 135 (30) 0.034

*SD-standard deviation.
†Number of cases with available data in the ABI ≤0.9/>0.9 groups.
HbA1c, glycated haemoglobin; ICAM-1, proatherogenic intercellular adhesion molecule-1.
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Table 2 OR (95% CI) for low ankle-brachial index (ABI) after 5 years of follow-up in women who were 64-years old at baseline and in relation to tertiles of blood cadmium

levels, serum ICAM-1 and prevalence of atherosclerotic plaques in the femoral artery at baseline

All (n=440) No femoral plaque at baseline (n=312)

Tertiles (B-Cd, μg/l)* 1 (0.08 to 0.25) 2 (0.25 to 0.44) 3 (0.44 to 4.07) p Value (tertile 3/1) 1 (0.08 to 0.25) 2 (0.25 to 0.44) 3 (0.44 to 4.07) p Value (tertile 3/1)

ABI ≤ 0.9, n (%)† 13 (8.6) 8 (5.4) 30 (21.1) 7 (6.1) 6 (5.5) 17 (19.1)

Unadjusted 1 0.6 (0.3 to 1.5) 2.8 (1.4 to 5.7) 0.003 1 0.9 (0.3 to 2.7) 3.6 (1.4 to 9.1) 0.007

Adjustment‡ 1 0.6 (0.2 to 1.6) 2.4 (0.9 to 6.3) 0.068 1 0.9 (0.3 to 3.0) 3.7 (1.05 to 13.3) 0.042

Adjustment‡ + ICAM-1 1 0.6 (0.2 to 1.6) 2.4 (0.9 to 6.3) 0.068 1 0.9 (1.3 to 3.1) 3.8 (1.1 to 13.3) 0.041

*Minimum–maximum.
†Number (%) of low ankle-brachial index in each tertile.
‡Adjustment for pack-years of smoking, current smoking, systolic blood pressure, HbA1c, apolipoprotein B/A-I, statin treatment, stratification group at baseline (normal glucose tolerance,
impaired glucose tolerance, diabetes).
HbA1c, glycated haemoglobin; ICAM-1, proatherogenic intercellular adhesion molecule-1.

Table 3 OR (95% CI) for low ankle-brachial index (ABI) after 5 years of follow-up in women who were 64-year old at baseline and in relation to tertiles of creatine-adjusted urinary

cadmium levels, serum ICAM-1 and prevalence of atherosclerotic plaques in femoral artery at baseline

All (n=440) No femoral plaque at baseline (n=309)

Tertiles (U-Cd, μg/g creatine)* 1 (0.06 to 0.28) 2 (0.29 to 0.46) 3 (0.46 to 2.06) p Value (tertile 3/1) 1 (0.06 to 0.28) 2 (0.29 to 0.46) 3 (0.47 to 1.89) p Value (tertile 3/1)

ABI ≤0.9 (n)† 13 (8.6) 11 (7.4) 31 (22.3) 8 (7.1) 8 (7.6) 16 (17.6)

Unadjusted 1 0.9 (0.4 to 2.0) 3.1 (1.5 to 6.1) 0.002 1 1.1 (0.4 to 3.0) 2.8 (1.1 to 6.9) 0.025

Adjustment‡ 1 0.8 (0.3 to 1.8) 2.5 (1.1 to 5.8) 0.037 1 1.0 (0.3 to 2.8) 2.5 (0.8 to 7.4) 0.11

Adjustment‡ + ICAM-1 1 0.9 (0.6 to 1.5) 2.4 (1.0 to 5.5) 0.050 1 0.9 (0.3 to 2.8) 2.4 (0.8 to 7.2) 0.12

*Minimum–maximum.
†Number (%) of low ankle-brachial index in each tertile.
‡Adjustment for pack-years of smoking, current smoking, systolic blood pressure, HbA1c, apolipoprotein B/A-I, statin treatment, stratification group at baseline (normal glucose tolerance,
impaired glucose tolerance, diabetes).
HbA1c, glycated haemoglobin; ICAM-1, proatherogenic intercellular adhesion molecule-1.

6
Fagerberg

B,Bergström
G,Borén

J,etal.BM
J
Open

2013;3:e002489.doi:10.1136/bm
jopen-2012-002489

C
a
d
m
iu

m
e
x
p
o
s
u
re

,
in

te
rc

e
llu

la
r
a
d
h
e
s
io

n
m
o
le
c
u
le
-1

a
n
d
p
e
rip

h
e
ra

l
a
rte

ry
d
is
e
a
s
e



associations between cadmium exposure and low
ankle-brachial index in cross-sectional studies.7 25 26

We also observed that circulating ICAM-1 concentra-
tions were associated with peripheral artery disease in the
legs, and that ICAM-1 correlated with urinary cadmium
independently of smoking. We have recently reported
that ICAM-1 was associated with the occurrence and area
of atherosclerotic plaques in the carotid arteries in the
same cohort as in the present study.15 However, the
results from our experimental study failed to show that
cadmium exposure induces expression of ICAM-1 from
human aortic endothelial cells. In addition, the OR for
low ankle-brachial index did not change when ICAM-1
was included in the statistical models in a final step in the
present study. Hence, we find no support for the hypoth-
esis that cadmium-induced expression of ICAM-1 in
human endothelium might be a mechanistic link
between cadmium-exposure and atherosclerosis. Neither
did we find any indication that cadmium increased the
production of proinflammatory cytokines from aortic
endothelial cells. The concentrations of cadmium used
(100—500 µg/l) are expected to increase intracellular
cadmium concentrations in endothelial cells.27 28

Tentatively, smoking may have confounded the results as
tobacco smoke is both proatherogenic and known to
induce ICAM-1 expression in endothelial cells.29 The sub-
group of never-smokers was small and their cadmium
levels were very low. Therefore we cannot exclude that
effects shown after adjustment for smoking may in fact be
caused by a combination of cadmium and some other
component in cigarette smoke. Finally, it must also be
kept in mind that endothelial cells differ, depending on
type of vessel, vessel diameter, flow conditions and sur-
rounding tissue.30 Hence, the endothelial cells we used
may not have been representative of in vivo mechanisms.
Bernhard et al31 have reported that cadmium downregu-
lates a number of proinflammatory genes in arterial
endothelial cells. Other mechanisms may also be
involved. Cadmium is known to affect physiological signal
transduction and to disrupt endothelial integrity. One

mechanism is that of the disruption of endothelial cad-
herin–cadherin bonds leading to increased permeabil-
ity.12 Messner et al13 have previously shown that cadmium
also increases vascular endothelial permeability by inhi-
biting endothelial cell proliferation and inducing cell-
death. Precise information on uptake of cadmium in vas-
cular cells and effects on the atherosclerotic process are
still lacking.
Limitations of the present cohort study are that only

women and individuals of similar age were studied.
However, this is also advantageous as the effects of sex
and age are kept constant. The study findings have to be
confirmed in prospective studies in population samples
including both men and women and with a broader age
range. The lack of data from individuals lost to follow-up
may have introduced selection bias, even if they did not
differ in occurrence of femoral artery plaques, cadmium
levels in blood and urine at baseline. The size of the
study limits the precision of analyses in subgroups, but
on the other hand our precision to diagnose peripheral
artery disease was high as we measured ankle-brachial
index in both anterior and posterior tibial arteries in
both legs. As previously shown, measurements restricted
to only the posterior tibial arteries results in a failure to
identify 30–40% of those with peripheral artery
disease.22 Previous studies have not measured
ankle-brachial index in both anterior and posterior tibial
arteries.7 25–26 We did not measure ankle-brachial index
at baseline but used the occurrence of atherosclerotic
plaques in the right femoral artery as a proxy for preva-
lence of lower limb atherosclerosis. As previously
reported, plaque occurrence in the right common
femoral artery is significantly associated with
ankle-brachial index both in the right and left legs.21

In conclusion, cadmium exposure at levels often
found in the population was associated with peripheral
artery disease, assessed as low ankle-brachial index at
follow-up after 5.4 years. ICAM-1 mediated effects do not
seem to be involved. Taken together the study gives
further support to the concept that cadmium exposure

Table 4 Expression of ICAM-1 (normalised ICAM/18s) and proinflammatory and anti-inflammatory cytokines by fresh human

aortic endothelial cells after incubation for 48 h in medium supplemented with cadmium at two concentrations in comparison

with controls (mean±SEM)

Controls n=12 Cadmium (100 µg/l) n=10 Cadmium (500 µg/l) n=10

ICAM-1 0.91±0.37 0.63±0.19 0.83±0.19

Granulocyte-macrophage colony-stimulating factor 19.9±8.7 15.7±6.1 12.8±3.0

Interferon-γ 34.1±9.6 30.0±6.6 29.1±5.8

Interleukin-10 5.1±0.78 5.0±1.1 5.5±2.1

Interleukin 12 p70 8.2±1.8 7.0±0.87 7.6±1.48

Interleukin-1β 4.1±0.94 4.8±1.6 4.2±1.0

Interleukin-2 22.8±12.0 23.0±18.4 15.4±5.6

Interleukin-6 419±35 422±43 385±54

Interleukin-8 3204±269 3181±480 2862±354

Tumor necrosis factor-α 11.1±2.1 10.1±1.3 9.3±0.87

ICAM-1, proatherogenic intercellular adhesion molecule-1.
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of the population may be an important environmental
factor with proatherogenic effects. Future studies are
needed to confirm the findings and to clarify the under-
lying proatherogenic mechanisms.
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