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Abstract

Background: Cadmium (Cd), lead (Pb), and mercury (Hg) cause toxicological renal effects, but the clinical relevance
at low-level exposures in general populations is unclear. The objective of this study is to assess the risk of
developing end-stage renal disease in relation to Cd, Pb, and Hg exposure.

Methods: A total of 118 cases who later in life developed end-stage renal disease, and 378 matched (sex, age, area,
and time of blood sampling) referents were identified among participants in two population-based prospective
cohorts (130,000 individuals). Cd, Pb, and Hg concentrations were determined in prospectively collected samples.

Results: Erythrocyte lead was associated with an increased risk of developing end-stage renal disease (mean in
cases 76 ug/L; odds ratio (OR) 1.54 for an interquartile range increase, 95% confidence interval (Cl) 1.18-2.00), while
erythrocyte mercury was negatively associated (2.4 ug/L; OR 0.75 for an interquartile range increase, Cl 0.56-0.99).
For erythrocyte cadmium, the OR of developing end-stage renal disease was 1.15 for an interquartile range increase
(C1 0.99-1.34; mean Ery-Cd among cases: 1.3 pg/L). The associations for erythrocyte lead and erythrocyte mercury,
but not for erythrocyte cadmium, remained after adjusting for the other two metals, smoking, BMI, diabetes, and
hypertension. Gender-specific analyses showed that men carried almost all of the erythrocyte lead and erythrocyte
cadmium associated risks.

Conclusions: Erythrocyte lead is associated with end-stage renal disease but further studies are needed to evaluate
causality. Gender-specific analyses suggest potential differences in susceptibility or in exposure biomarker reliability.
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Background

Chronic kidney disease and development of end-stage renal
disease is of increasing public health concern worldwide. In
Sweden, the number of patients treated for end-stage renal
disease is increasing, and diabetes and nephrosclerosis due
to hypertension are the most common causes of end-stage
renal disease [1]. A higher prevalence of obesity, resulting in
an increase of diabetes and hypertension contribute [2].
Obesity, per se, is also associated with the development of
chronic kidney disease in both diabetic and non-diabetic
renal disease [3-5]. Other risk factors for chronic kidney
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disease in the general population are old age, presence
of any degree of chronic kidney disease (estimated glomeru-
lar filtration rate), proteinuria, smoking, and hypertension
[6]. In patients with chronic kidney disease, low renal func-
tion (estimated glomerular filtration rate) and severe
albuminuria independently predict end-stage renal disease
[7]. Possibly, environmental exposure to nephrotoxicants,
especially in susceptible individuals, (i.e., patients with dia-
betes, hypertension, and preexisting chronic kidney disease),
may contribute to the disease and/or its progression. The
metals cadmium (Cd; [8]), mercury (Hg; [9]) and lead (Pb;
[10,11]) at high exposures in occupational settings are
known to be nephrotoxic.

Renal effects of Cd (e.g. [12]) and Pb (e.g. [13,14]) have
been suggested even at low-level exposures in the
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general population such as increased levels of urinary
beta-microglobulin, increases in blood urea nitrogen,
serum creatinine, creatinine clearance (estimated cre-
atinine clearance), or glomerular filtration rate (esti-
mated glomerular filtration rate). However, the clinical
relevance of these biomarkers can be questioned and has
been challenged.

A clinically relevant hard renal endpoint is the devel-
opment of end-stage renal disease, requiring renal re-
placement therapy (i.e., dialysis or transplantation). An
ecological study indicated that the risk of end-stage renal
disease increased by proximity to Cd-emitting industries
[15], and cross-sectional studies indicate that patients
with chronic kidney disease have increased concentra-
tions of Cd and Pb as compared to referents [16-20],
and that Pb is related to progression of chronic kidney
disease [21,22]. However, these findings may be a result
of reverse causation, i.e., the disease itself, or its treat-
ment, affects metal retention. In addition, high exposure
to inorganic Hg is related to development of membran-
ous glomerulonephritis with nephrotic syndrome in sus-
ceptible individuals [23].

Up until now there are, to our knowledge, no pro-
spective studies, targeting associations between the de-
velopment of end-stage renal disease and effects of low
level exposure to Cd, Pb, and Hg. The aim of the present
study was to elucidate how erythrocyte concentrations
of Pb (Ery-Pb), Cd (Ery-Cd), and Hg (Ery-Hg) in the
general population relate to the risk of developing end-
stage renal disease later in life. This was done in
a population-based case-referent study nested within
two prospective cohorts from Northern and Southern
Sweden with stored blood samples, collected before
diagnosis of end-stage renal disease.

Methods

Subjects

The northern Sweden health and disease study

The Northern Sweden Health and Disease Study [24]
includes the population-based Visterbotten Intervention
Project [25] and the Northern Sweden WHO Monitor-
ing of Trends and Cardiovascular Disease (MONICA)
Study, both of which include anthropometric, blood-
pressure, and lifestyle data, as well as the local Mam-
mography Screening Project, with more limited data.
The Visterbotten Intervention Project was initiated in
1985 as a health-promotion program for the population
in one county (Visterbotten; ca. 250,000 inhabitants).
Every year, inhabitants reaching the ages of 40, 50, and
60 (during some years also 30) are invited to their local
health centers for a routine health screening. MONICA
was also initiated in 1985 as a health examination pro-
gram for cardiovascular disease and diabetes, where ran-
domly selected inhabitants were invited to participate in
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a continuous health survey. In addition, women in
Visterbotten County aged approximately 40-70 years
have been encouraged to take part in a mammographic
screening program every two to three years since 1995.
Participants in these programs are asked to donate blood
samples, which are then stored in a biobank (-70°C). Be-
tween the years 1985-2002, a total of 74,000 unique
subjects had donated blood samples to the Northern
Sweden Health and Disease Study.

The participation rate during 1985-2002 was approxi-
mately 60% for the Vésterbotten Intervention Project,
77.2% for MONICA, and 65% for the Mammography
Screening Project. The collection of samples is still
continuing.

The Malmé diet and cancer study

The Malmo6 Diet and Cancer study [26] is a prospective
population-based study with anthropometric, blood-
pressure, and lifestyle data from a baseline examination
between 1991-1996 of 45-64 year-old men and women
(n=30,447) living in the city of Malmé in Southern
Sweden. Subjects from the municipal registry were ran-
domly invited to participate from the total source popu-
lation of 74,138. Recruitment was also made using local
advertisements, and by recommendations from partici-
pants. The only exclusion criterion for participation was
lack of Swedish language skills. Participants who emi-
grated during the study period were censored on the
date they left the country. Donated blood samples were
stored in a biobank (-70°C). The participation rate was
approximately 45%.

Follow-up and case-referent study design

Since 1991, the Swedish Renal Registry (SRR; [27]) col-
lects data on all patients with end-stage renal disease
(defined as glomerular filtration rate <10-15 ml/min),
starting renal replacement therapy, i.e., dialysis or trans-
plantation. All units performing dialysis and/or kidney
transplantation in Sweden report to the SRR (attaining
data from >95% of all patients).

Subjects who participated in any of the two cohorts,
and later (up to 31 December 2006) developed end-stage
renal disease, were identified by linkage to the SRR using
their unique personal identity number (Figure 1). The
case with the oldest blood sample was obtained in 1993.

For each case, three referents without end-stage renal
disease, alive at time of the end-stage renal disease diag-
nosis (as ascertained through linkage to the Swedish
National Death Registry), were individually matched for
cohort, age, sex, and time of sampling (Figure 2). For the
139 identified cases and 382 referents, Ery-Cd and Ery-
Pb were analyzed in samples from 118 cases and 378
referents, and Ery-Hg in 87 cases and 288 referents.
Complete sets of cases and referents with Ery-Cd and
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Figure 1 Time period of recruitment and blood sampling
within the Malmé Diet and Cancer study and The Northern
Sweden Health and Disease study, from which participants for
the present study were selected. The identities of the participants
were linked to the Swedish Renal Registry for identification of end-
stage renal disease cases who had donated a blood sample in any of
the cohort studies. Vertical lines indicate beginning and end of cohort
recruitment, and arrows indicate that recruitment is still continuing.
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Ery-Pb analyses were obtained for 118 cases and 347
referents, and 86 cases and 244 referents with Ery-Hg.

Background information on smoking (Mammography
Screening Project: only yes/no; other cohorts: current,
ex-, never), blood pressure, diabetes, and hypertension
(ie. having systolic blood pressure >140, diastolic
>90 mm Hg, or being treated for high blood pressure),
was obtained from the baseline health examinations.

All subjects gave informed written consent to their
participation in the study, which was approved by the
ethical committee of Umed University.

The choice of erythrocyte concentrations as biomarker

Metals were analyzed in erythrocytes, and neither urine
nor whole-blood samples were available. The most com-
monly used biomarkers for cadmium are the concentra-
tions in urine and whole blood. Urinary cadmium reflects
mainly cadmium in the kidney, in turn reflecting long-
term exposure; meanwhile, whole-blood cadmium reflects
a combination of both current and historical exposure.
Since almost all blood cadmium is present in erythrocytes,
cadmium in whole blood and in erythrocytes reflects the

Cases identified with end-stage renal
disease by linkage to SRR
n=139;
(NSHDS n=91;MDCS n=48)

Available blood samples
n= 508
127 cases and 381 referents
(NSHDS n=320;80 cases/240 referents)
(MDCS n=188; 47 cases /141 referents)

Available prospective blood samples
n=502
121 cases and 381 referents
(NSHDS n=314;74 cases/240 referents)
(MDCS n=188; 47 cases/141 referents)

Complete sets of cases and referents with data on
lead and cadmium analyses
n=465
(118 cases and 347 referents)
Data on mercury analyses
n=330
(86 cases and 244 referents).

SRR=Swedish Renal Register
NSHDS=Northern Sweden Health and Disease Study
MDCS=Malmoe Diet and Cancer study

Figure 2 Flowchart of number of individuals.
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same time period of exposure [8]. An advantage with both
whole blood and erythrocyte cadmium, compared with
urinary cadmium, is that the blood markers are not
affected by tubular function. However, a disadvantage of
using Ery-Cd is that it not only reflects long-term accu-
mulation of cadmium body burden that may be more rele-
vant for kidney effects.

For lead, the most commonly used exposure indicator
is the concentration in whole blood. Most of the lead in
whole blood is bound to proteins in the erythrocytes [8];
the lead concentration in erythrocytes is approximately
two times the lead concentration in whole blood.

Ery-Hg reflects both inorganic mercury and methyl-
mercury exposure, though a stronger influence from
the latter is to be expected. Over 90% of the methyl-
mercury in whole blood is in erythrocytes, while inor-
ganic (mercuric) mercury distributes almost equally
between plasma and erythrocytes, with perhaps some-
what more in plasma [9].

Chemical analyses

Ery-Cd and Ery-Pb were determined by inductively
coupled plasma-mass spectrometry (ICP-MS; Thermo
X7, Thermo Elemental, Winsford, UK; [28]).

The detection limits, calculated as 3 times the standard
deviation of the blank, were 0.04 and 0.11 pg/L, respect-
ively. Analytical accuracy was checked against reference
materials. For Seronorm Trace elements whole blood
(Seronorm; Lot MR4206, 503109, SERO AS, Billingstad,
Norway), the results obtained for Cd were 0.67 +0.04
(mean + standard deviation (SD); n=21) and 5.6+0.18
(n=21) pg/L, respectively (recommended 0.68—0.80 and
5.6—6.4 pg/L), and for Pb 26.2 + 0.53 (n=21) and 372 + 12
(n=21) pg/L, respectively (recommended 26.2-29.0 and
372—-414 pg/L). For the human blood reference samples
from the Centre de Toxicologie du Quebec, Canada, the
obtained values for Cd and Pb were: Cd (Lot C0515) 0.73 +
0.03 (n=21), recommended 0.79+0.23; and Pb (Lot
L0608) 31.2 + 0.68 pg/L, recommended 31.1 + 4.7 pg/L.

Ery-Hg was determined by cold vapor atomic fluores-
cence spectrophotometry [29]. The detection limit was
0.08 pg/L. The analytical accuracy for Hg in blood (Sero-
norm; Lot MR4206, 0512627) was 1.96 + 0.10 (n =49) and
15.0 + 044 (n=49) pg/L, respectively (recommended 2.0—
24 and 16.1-19.7 pg/L). For the samples from the Centre
de Toxicologie du Quebec, Canada (Lot M0408) results
were 1.94+0.13 pg/L (recommended 2.0 pg/L). Due to
limited availability of samples for analyses, Ery-Hg was only
determined in those samples that had sufficient remaining
sample volume after the detection of Cd and Pb.

All determinations were made in duplicate prepara-
tions. The method imprecisions, calculated as the coeffi-
cient of variation (CV%), were 5.7%, 1.3%, and 8.6%, for
Cd, Pb, and Hg, respectively.
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Statistical analyses

The association between end-stage renal disease and each
of the potential risk factors Ery-Cd, Ery-Pb, Ery-Hg, BMI,
diabetes, smoking, and hypertension, were calculated using
univariate conditional logistic regression based on the
matched sets of cases and referents. In addition to the uni-
variate analyses, Spearman’s correlation coefficient, or odds
ratio (OR), was calculated between each pair of candidate
risk factors to be able to investigate if the candidate risk
factors were confounders, changed the effects of the
metals, or were independent risk factors. Finally, a multiple
conditional logistic regression model was obtained using a
backwards stepwise procedure where variables that did not
statistically significantly explain variation in end-stage renal
disease risk and did not change the effects of Ery-Cd, Ery-
Pb, or Ery-Hg more than 10% were excluded.

Univariate analysis was also performed, categorizing
Ery-Cd, Ery-Pb, and Ery-Hg using quartile limits which
were calculated using concentrations from cases only, to
obtain equal number of cases in each category. Quartile
categorization as well as penalized cubic splines were
used to assess linearity between independent variables
and log-odds. Sensitivity analyses were performed by ex-
cluding influential observations. In addition, for the pur-
pose of assessing model fits, the Hosmer-Lemeshow
goodness-of-fit test was used by including the matching
factors as covariates in a logistic regression model. How-
ever, all results shown in the tables and figures are based
on conditional logistic regression, using matched sets of
cases and referents. Time between sampling and end-
stage renal disease as a confounder between metals and
end-stage renal disease was investigated by estimating
the associations between metals and end-stage renal dis-
ease in subsets of time between sampling and end-stage
renal disease defined by quartile limits.

All statistical analyses were performed using the statis-
tical package R, version 2.11.0 [30]. P-values <0.05 were
considered statistically significant.

Results

Characteristics of the study participants at baseline, i.e.,
before any of the cases had developed end-stage renal
disease, are presented in Table 1. There were differences
in the occurrence of diabetes and hypertension between
cases and referents, and a tendency towards a difference
in smoking habits.

Furthermore, statistically significant differences were
found in Ery-Cd (geometric mean among cases 0.86 ug/L
and referents 0.66 ug/L, geometric mean 23% lower
among referents with 95% CI 8.2-44.7%), Ery-Pb (geomet-
ric mean among cases 66.2 ug/L and 55.0 pg/L among
referents, geometric mean 17% lower among referents
with 95% CI 7.8-29%) and Ery-Hg (arithmetic mean
among cases 2.44 pg/L and referents 3.06 pg/L, 0.62 pg/L
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Table 1 Baseline data on cases that later in life developed end-stage renal disease and referents

Cases Referents Difference between cases and referents
with 95% confidence intervals/p-value
Cases and referents from both study populations 118 347
Number of men/women 66/52 194/153
Northern Sweden Health and Disease Study (NSHDS) 72 214
Malmoe Diet and Cancer Study (MDCS) 46 133
Characteristics at base-line examination, i.e. prior to diagnosis of end-stage renal disease:
Diabetes (y/n) 20 21%) 8 (3%) OR=83"(3.5,22)
Blood pressure (mm Hg), mean(standard deviation)
Systolic (SBP) 141 (21.3) 135 (19.9) 587 (15, 10)
Diastolic (DBP) 85.8 (11.5) 83.1 (9.6) 2.7 % (042, 5.0)
Hypertension® (y/n) 66 (54.6%) 125 (34.8%) OR=227(14,35)
Smoking p=0091°
Never-smoker 34 (31%) 141 (41%)
Not current smoker (undefined ex-smoker or never-smoker) 11 (10%) 38 (11%)
Ex-smoker 26 (24%) 79 (23%)
Current smoker 39 (35%) 82 (24%)
Mean age at baseline (years) 63 (40-80) 63 (40-80)
Mean age at diagnosis of end-stage renal disease (years) 71 (46-87)
Time from baseline examination to development of end-stage renal 7.7 (1-16)

disease (years)

OR=0d(ds ratio.

“Differences in binary variables were expressed as ORs with 95% confidence intervals, continues variables as the difference with 95% confidence intervals, and p-
values using the chi-square test were reported for categorical variables with more than two levels.
PHypertension was defined as SBP >140 or DBP > 90 mm Hg, or antihypertensive medication at baseline.

“matching factor.

difference with 95% CI 0.17-1.08 pg/L) between cases and
referents. The largest differences were found for cases with
nephrosclerosis, glomerulonephritis, and pyelonephritis as
the primary cause of end-stage renal disease, while the
smallest differences were found for cases with diabetic
nephropathy and non-specified diagnoses (See Additional
file 1: Table S1).

To investigate if candidate risk factors were confoun-
ders, effect modifiers, or independent risk factors, and to
identify possible multicollinearity between these vari-
ables, the correlation coefficient between each pair of
risk factors was calculated (See Additional file 1: Table
S2). Ery-Cd and Ery-Pb were statistically significantly
correlated (Spearman’s correlation coefficient 0.19, 95%
CI 0.10-0.27), and Ery-Pb was near-significantly corre-
lated (Spearman’s correlation coefficient 0.10, 95% CI
0.00-0.20) with Ery-Hg. Both Ery-Cd and Ery-Pb were
positively associated with age and smoking.

Univariate analysis showed that increased Ery-Pb and
Ery-Cd were associated with increased risk of end-stage
renal disease, however the association was not statisti-
cally significant for Ery-Cd (odds ratio (OR) 1.010 per
pg/L increase with 95% CI 1.004-1.016, and OR 1.17 per
pg/L increase with 95% CI 0.99-1.38 respectively). Ery-
Hg was negatively associated with the risk of developing
end-stage renal disease: OR 0.86 95% CI 0.74-0.996.

Corresponding ORs for an interquartile range increase
were 1.15, 1.54, and 0.75 for Ery-Cd, Ery-Pb, and Ery-
Hg, respectively (Table 2). To investigate the shape of
the associations, analyses were also made categorizing
Ery-Cd, Ery-Pb, and Ery-Hg by quartile limits among
cases (Figure 3a-c). More elaborate figures justifying
model assumptions are shown as supplementary mater-
ial (See Additional file 1: Figure S1).

Using multiple regression analysis adjusting for all
other statistically significant variables or variables that
changed the effect of the metals, both Ery-Pb and Ery-
Hg were statistically significantly related to the develop-
ment of end-stage renal disease (Table 3). The OR for
one pg/L increase of Ery-Pb was 1.013 (95% CI 1.003-
1.023) and for Ery-Hg 0.81 (95% CI 0.668-0.99), when
also taking into consideration diabetes, BMI and hyper-
tension. The modifications of ORs between univariate
and multiple conditional logistic regression analysis were
due to effect modification by covariates and not because
of change in selection of individuals when restricting to
those with complete data sets (data not shown). Ery-Cd
was not statistically significant in the multiple model
(OR =1.11; 95% CI 0.78-1.57; not in table). The change
in estimate for each metal exposure variable by including
the two other respective metals is shown as supplemen-
tary material (See Additional file 1: Figure S2).
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Table 2 Univarite modeling of the association between end-stage renal disease and candidate risk factors

Variable Number of individuals  OR 95% Cl IQR ORigr  95% ClI
Ery-Cd (ug/L) 465 117 (0.99, 1.38) 037-13 1.15 (099, 1.34)
Ery-Pb (ug/L) 465 1010  (1.004,1.016)  398-835 154 (1.18, 2.00)
Ery-Hg (ug/L) 330 0.86 (0.74, 0.996) 1.53-35 0.75 (0.56, 0.99)
BMI (kg/mz) 451 1.05 (099, 1.11) 23.5-281 1.24 (0.97, 1.60)
Diabetes (y/n) 381 131 (4.46, 38.7)

Hypertension? (y/n) 344 158 (0.90, 2.76)

Smoking 442

Never-smoker 172 1

Not current smoker (undefined ex-smoker or never-smoker) 49 1.29 (0.33, 5.10)

Ex-smoker 101 153 (0.83, 2.82)

Current smoker 120 2.15 (1.16, 3.98)

Detailed legend: Univariate modeling of associations between end-stage renal disease and erythrocyte metal concentrations, body mass index (BMI), diabetes,
hypertension and smoking at baseline. For continuous variables, ORs are given for both unit increase and for an interquartile range increase.

OR=o0dds ratio per unit increase. Cl=confidence interval. IQR= interquartile range. OR\qr=0dds ratio for an interquartile range increase. BMI=Body Mass Index.
®Hypertension was defined as SBP >140 or DBP > 90 mm Hg, or antihypertensive medication at baseline.

s N
a_ b
cases: 31
cases: 31 6 - referents: 68
4 - referents: 64 cases: 30
cases: 30 5 cases: 28 referents: 68
referents: 71 referents: 72
£ 3 cases: 29 g,
g referents: 92 [
1) 1)
2 ° g, °
o 2 o o °
cases: 28 J- 2 ° l
referents: 120 ° l cases: 29 1
14 ° l referents: 139
1 °
0 — 0 —
[ I I 1 [ I I 1
0.09 - 0.4 pg/L 0.4-0.7 pg/L 0.7 -1.7 pg/L 1.7-8.1 pg/L 13 - 49 pg/L 49 - 67 pg/L 67 - 90 pg/L 90 - 252 pg/L
Quartiles of Ery-Cd Quartiles of Ery-Pb
Cc
3.0 1
cases: 21
25 7 .
referents: 52 cases: 21
referents: 57
o 2.0 7
= cases: 23
g 1.5 —| cases: 21 referents: 87
3 referents: 48 -l-
— <
1.0 ° ° |
l 1 ,,
05 7 J.
0.0 —
I T T 1
0.0-1.4 pg/L 1.4-2.2pg/L 22-32pglL 3.2-22 gL
Quartiles of Ery-Hg
Figure 3 Univariate association between erythrocyte concentrations of cadmium (Ery-Cd; a), lead (Ery-Pb; b), and mercury (Ery-Hg; c),
and risk of developing end-stage renal disease. Quartile concentration limits were calculated from cases.
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Table 3 Multiple modeling of the association between
end-stage renal disease and risk factors

Multiple model

Number of OR 95% Cl IQR ORigr 95% CI
individuals = 244

Ery-Pb (ug/L) 1013 (1.003,1.023) 037-1.3 174 (113, 2.68)
Ery-Hg (ng/L) 0.81 (0.66, 0.99) 39.8-835 066 (0.44, 0.98)
BMI (kg/m?) 113 (1.02,1.25) 15335 175  (1.10,279)
Diabetes (y/n) 358  (437,294)

Hypertension® 423 (1.97,9.11)

y/m)

Detailed legend: Multiple modeling of the associations between end-stage
renal disease and erythrocyte concentrations of lead and mercury, taking into
consideration the covariates at baseline that either were statistically significant
or changed any of the metal estimates.

OR=0dds ratio for a unit increase. Cl=confidence interval. IQR= interquartile range.
ORjqr=0dds ratio for an interquartile range increase. BMI=Body Mass Index.
“Hypertension was defined as SBP >140 or DBP > 90 mm Hg, or
antihypertensive medication at baseline.

Gender-specific analyses taking into consideration all
statistically significant variables and variables changing
the metal estimates indicated a stronger dose—response
relation among men than women for Ery-Cd (men: OR
1.39 (95% CI 0.96-2.00; N = 151); women OR 0.79 (95%
CI 0.51-1.23; N=93)) and Ery-Pb (men: OR 1.014 (95%
CI 1.0023-1.026; N =151); women OR 1.00 (95% CI
0.98-1.022; N =93)). Analyses also suggested a negative
association with Ery-Hg in women not evident among
men (men: OR 0.89 (95% CI 0.71-1.13; N = 151); women
OR 0.68 (95% CI 0.47-0.98), N = 93).

In addition, a separate analysis was also made for indivi-
duals with more than median (8 years) duration between
blood sampling and diagnosis of end-stage renal disease,
taking into consideration the other metal (Ery-Hg, and
Ery-Pb, respectively), BMI, and blood pressure; the OR for
one pg/L increase in Ery-Pb was 1.012 (95% CI 1.001-
1.022), and for Ery-Hg 0.90 (95% CI 0.76-1.06). The corre-
sponding result for Ery-Cd when taking into consideration
the other two metals, BMI, blood pressure, and smoking,
was 1.05 (95% CI 0.69-1.60). The effect modification
by time between sampling and end-stage renal disease
diagnosis on the associations between Cd, Pb, and Hg
concentrations and end-stage renal disease was further
investigated within subsets of time between sampling and
end-stage renal disease defined by quartile limits (See
Additional file 1: Figure S3).

Discussion

This is the first population-based study with exposure
biomarkers and a prospective design assessing the po-
tential associations between risk of developing end-stage
renal disease and low-level exposure to the metals Cd,
Pb, and Hg. It indicates that the Pb concentration in
blood (erythrocytes) is a predictor of development of
end-stage renal disease in the general population.
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Causality is, however, not demonstrated, though one
possibility is that Pb decreases the kidney’s ability to re-
sist other factors. In addition, Ery-Cd tended to be
related to an increased risk of end-stage renal disease,
but confounding by Pb and Hg could partly explain this.
In contrast, Ery-Hg showed a negative association. In
addition, gender-specific analyses showed that men
carried almost all of the Ery-Pb and Ery-Cd associated
risks.

One strength of this study is the prospective design,
with population-based blood samples collected several
years before diagnosis of end-stage renal disease. In
addition, end-stage renal disease is a well-defined, hard
renal end-point, and the Swedish Renal Registry has
been validated, showing that>95% of the patients who
started active end-stage renal disease treatment were
reported to the SRR. Thirdly, as is shown by results for
reference materials, the quality of our metal analyses
was very good.

One weakness of this study is that neither renal func-
tion (e.g., estimated glomerular filtration rate) nor urin-
ary albumin were available at baseline. Thus, risk
estimates were not adjusted for any impairment of kid-
ney function already existing before the sampling. At
normal kidney function glomerular filtration rate is
above 90 ml/min/1.73 m? Renal replacement therapy is
generally begun at 5-10 ml/min/1.73 m>. The rate of de-
cline in renal function in a general healthy population
older than 30 years is approximately 0.8 ml/min/
1.73 m?*/year [31]; meanwhile, patients with pre-existing
mild to moderate kidney disease (chronic kidney disease
3-4) may lose 2 to 13 ml/min/1.73 m*/year [32]. Thus,
several of the cases probably had reduced renal function
already at the time of sampling.

Another weakness is the relatively few cases of end-
stage renal disease, which limits the ability to determine
whether risk estimates are homogeneous between the
cohorts. From a risk-assessment perspective, an add-
itional third weakness is that the Ery-Pb has decreased
over time [33]. Therefore, the measured erythrocyte con-
centrations neither reflect a lifetime mean, nor the level
at time of development of end-stage renal disease. Par-
ticipation rates in the cohorts were between 45-77%. It
is unlikely that any over- or under- representation would
affect the risk estimates.

The referents were drawn from the general population,
thus having normal values for Pb, Cd, and Hg. In an
international perspective, the loads of Pb and Cd in
Sweden have been low, while the load of Hg is relatively
high [11,34]. The levels of Pb and Cd in erythrocytes are
usually about twice as high as those found in whole
blood (variation in erythrocyte volume fraction, of
course, affect this, but only to a negligible extent), while
for Hg, the measured concentrations are closer to those
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in blood, but depend on the rates between methylmer-
cury and inorganic mercury. For comparability with
studies using urinary Cd, it can be noted that 50—60 year-
old women from northern Sweden had a median Cd con-
centration in urine of 0.189 (range 0.03-0.84) ug/L, and in
whole blood 0.24 (range: 0.08-2.59) pg/L (corresponding
to ca 0.49 pg/L in erythrocytes) [35].

Associations between Cd and Pb and end-stage renal
disease have been found in earlier studies using less ad-
equate methods. One previous Swedish study combining
occupational and ecological exposure assessment indi-
cated increased risk of developing end-stage renal dis-
ease after Cd exposure [15], while another ecological
study in Japan did not show any association between
mortality from renal failure and Cd levels in local brown
rice [36]. These studies are weakened by their lack of in-
dividual biomarker data. Cross-sectional studies have
found higher levels of Ery-Cd and Ery-Pb in hemodialysis
patients than in healthy referents (Taiwan: [17]; U.S.: [18];
Pakistan: [19]; China: [20]). In addition, progression of
renal failure was associated with blood-Pb concentra-
tion (China: [21,22]) and a slower decline in renal func-
tion have been observed after lead chelation therapy
(Taiwan: [37]). In most of these countries, the Pb ex-
posure has been higher than in Sweden. On the other
hand, in another Swedish study, there was no associ-
ation between a history of occupational Pb exposure, as
assessed by a job-exposure matrix, and risk of end-
stage renal disease [38].

For less-severe kidney effects, several studies indicate
associations with biomarkers of Cd [8] and Pb [11] ex-
posure. A cross-sectional study in Taiwan showed sig-
nificant associations between blood-Pb and risk of renal
dysfunction and hyperuricemia [39]. Likewise, studies of
U.S. adults displayed associations between Cd and Pb in
blood on the one hand, and both albuminuria and
reduced estimated glomerular filtration rate, on the
other [40], for blood-Pb also in adolescents [14].

The evidence for the development of nephropathy at
high and prolonged Pb exposure was described as ‘anec-
dotic’ in a relatively recent review, while data on the re-
lationship between Pb and end-stage renal disease was
considered scarce [41]. However, some of the most re-
cent cross-sectional studies were not included in the re-
view. Thus, taking all the recent studies and our present
results into account, such an association is likely, even at
fairly low-level exposure.

Information on Hg is scarce, but not in conflict with
our data, although subjects with occupational exposure
to elemental Hg vapor have been shown to display albu-
minuria [9]. Also, high exposure to inorganic Hg may
cause severe membranous nephropathy [23]. However,
such high-level exposure to Hg is rare in Sweden. In the
general population, the major exposure is to elemental
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Hg from dental amalgam and methyl-Hg through fish
consumption, in both cases at relatively low exposures,
not expected to be sufficient to cause renal effects.

It has been claimed that Cd and Pb may cause a gen-
eral worsening of renal disease [42]. Our results tend to
support this, since the patterns were similar for Ery-Pb
and Ery-Cd in several primary causes of end-stage renal
disease. However, an exception was cases with diabetic
nephropathy. Despite the fact that previous studies sug-
gest that Cd may induce diabetes [43,44], and aggravate
diabetic renal complications [12], we did not find a dif-
ference in Ery-Cd between cases with diabetic nephropa-
thy and referents (only 19 cases).

The results contain two unexpected findings: first a
gender difference for all three metals, and second, a
negative association between Ery-Hg and the risk of
developing end-stage renal disease. The difference in risk
estimates for men and women could be due to a gender
difference in susceptibility or a difference in exposure
biomarkers reliability between men and women. This
should be further evaluated. The possibility of confound-
ing by unobserved covariates should be considered for
both Ery-Pb and Ery-Hg. A truly protective effect of Hg
appears unlikely. Instead, it can be speculated that there
may be confounding by a healthy lifestyle, including fish
consumption and with a low burden of other risk factors
[45] such as low socio-economic status [38,46,47]. An al-
ternative, and even more speculative interpretation, is a
protective effect of long-chain omega-3 polyunsaturated
fatty acids (PUFAs) from fish. PUFAs correlate to Ery-
Hg [48] and have been suggested in treatment of kidney
disease, i.e., IgA-nefritis [49,50].

If confounding by healthy life-style is a possible explan-
ation of the results for Hg, such confounding must be
considered also for Pb. Ery-Hg and Ery-Pb were positively
correlated, and it has previously been observed that Ery-
Pb is associated with fish consumption ([33]; possibly due
to co-variation with leafy vegetables, a source of dietary
Pb). Therefore, the association between end-stage renal
disease and Ery-Pb is not likely to be due to confounding
by a healthy life-style, since the risk estimate for Ery-Pb
then would rather decrease than increase. Significant con-
founding by occupational factors is also unlikely because
occupational exposure could only explain a minor fraction
of the cases in this population.

As previously mentioned, several of the cases probably
had reduced renal function already at baseline. We
therefore performed subgroup analyses within quartile
limits of time between sampling and end-stage renal dis-
ease (see Additional file 1). The impact of time from
sampling to diagnosis only had a limited effect on the
odds ratio for Ery-Pb, but for Ery-Cd the odds ratio was
lower among individuals with a long time period from
sampling to diagnosis. No consistent pattern was seen
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for Ery-Hg. These results do not indicate that the results
for Ery-Pb and Ery-Hg reflect reverse causation, while
this may be the case for Ery-Cd. A previously published
study showing an association between bone-Pb, which
has a very slow turnover, and end-stage renal disease
[18] is also in accordance with our finding on Pb.

Both the present and other studies show an increased
risk of developing end-stage renal disease in smokers
[38,46,47]. Smoking is, however, also an important source
of Cd. When both smoking and Cd were included in a
multiple analysis, both were statistically significant, thus
the possibility remains that other smoking-related factors
than Cd may cause the association. The number of never-
smokers in the present study is too small to allow a separ-
ate analysis of these individuals.

Although it is still uncertain if Pb is truly a cause of
end-stage renal disease, this first low-level study using
prospectively collected samples for exposure assessment
shows associations that give reasons for concern.

Conclusions

Lead in erythrocytes and blood is associated with end-
stage renal disease, even at low levels, as is shown both
in this prospective population-based study and in previ-
ous cross-sectional studies, and supported by studies of
chronic kidney disease. Pb exposure may therefore in-
crease the risk of developing end-stage renal disease in
the general population, but further studies are needed to
evaluate causality. The case might be similar for Cd, but
we found only slight indications for that. Gender-specific
analyses indicate potential differences in susceptibility or
in exposure biomarker reliability.

Additional file

Additional file 1: End-stage renal disease and low level exposure to
lead, cadmium and mercury; a population-based, prospective
nested case-referent study in Sweden.
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