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Rationale & Objective: Heavy metals are known
to induce kidney damage, and recent studies
have linked minor exposures to cadmium and
arsenic with increased risk of kidney allograft
failure, yet the potential association of lead with
late graft failure in kidney transplant recipients
(KTRs) remains unknown.
Study Design: Prospective cohort study in The
Netherlands.
Setting & Participants: We studied outpatient
KTRs (n = 670) with a functioning graft for ≥1
year recruited at a university setting (2008-2011)
and followed for a median of 4.9 (interquartile
range, 3.4-5.5) years. Additionally, patients with
chronic kidney disease (n = 46) enrolled in the
ongoing TransplantLines Cohort and Biobank
Study (2016-2017, ClinicalTrials.gov identiﬁer
NCT03272841) were studied at admission for
transplant and at 3, 6, 12, and 24 months after
transplant.
Exposure: Plasma lead concentration was log2transformed to estimate the association with
outcomes per doubling of plasma lead concentration and also considered categorically as tertiles of lead distribution.
Outcome: Kidney graft failure (restart of dialysis
or repeat transplant) with the competing event of
death with a functioning graft.
Analytical Approach: Multivariable-adjusted
cause-speciﬁc hazards models in which follow-up

C

of KTRs who died with a functioning graft was
censored.
Results: Median baseline plasma lead concentration was 0.31 (interquartile range, 0.22-0.45)
μg/L among all KTRs. During follow-up, 78 (12%)
KTRs experienced graft failure. Higher plasma lead
concentration was associated with increased risk
of graft failure (hazard ratio, 1.59 [95% CI, 1.142.21] per doubling; P = 0.006) independent of
age, sex, transplant characteristics, estimated
glomerular ﬁltration rate, proteinuria, smoking
status, alcohol intake, and plasma concentrations
of cadmium and arsenic. These ﬁndings
remained materially unchanged after additional
adjustment for dietary intake and were consistent
with those of analyses examining lead
categorically. In serial measurements, plasma
lead concentration was signiﬁcantly higher at
admission for transplant than at 3 months after
transplant (P = 0.001), after which it remained
stable over 2 years of follow-up (P = 0.2).
Limitations: Observational study design.
Conclusions: Pretransplant plasma lead concentrations, which decrease after transplant, are
associated with increased risk of late kidney
allograft failure. These ﬁndings warrant further
studies to evaluate whether preventive or therapeutic interventions to decrease plasma lead
concentration may represent novel riskmanagement strategies to decrease the rate of
kidney allograft failure.

hronic kidney disease (CKD) is a major global public
health concern, and kidney transplant is the goldstandard kidney replacement therapy. Extensive research
in recent decades has made it possible to significantly
improve 1-year graft survival rates, but long-term graft
survival continues to lag behind.1 The need for improved
kidney allograft survival is demonstrated by the fact that
late graft failure is an increasingly important indication for
dialysis or repeat transplant.2 In the past few decades, the
number of patients returning to dialysis after graft failure
has increased,3 and graft failure is one of the most frequent
indications to start dialysis treatment in the United States.4
Graft failure is multifactorial and can be caused by
immune and nonimmune mechanisms against a background of various donor and recipient risk factors.5 There
is great need to identify potentially modifiable, yet
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otherwise overlooked, risk factors. Heavy metal exposure
may be such a risk factor because it is an established cause
of kidney damage in native kidneys.6 In recent studies, we
have shown that plasma cadmium and arsenic levels are
each associated with increased risk of graft failure in kidney transplant recipients (KTRs).7,8 Another toxic heavy
metal, lead, can be found in construction sites, paint,
children’s jewelry, folk remedies, glazed pottery, and even
candy.9 Although occupational exposure is especially
relevant in developing countries,10 in developed countries
such as The Netherlands, significant amounts of lead can
be found in topsoil from construction sites, disposal of
coal ashes, and fertilization of land with city waste, which
can cause lead to end up in food.11 Cereals, milk, fruits,
vegetables, and nonalcoholic beverages (including tea and
fruit juices) have been shown to contribute the most to
87
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PLAIN-LANGUAGE SUMMARY
Heavy metals are known to induce kidney damage, and
transplanted kidneys may be particularly susceptible.
Recent evidence showed that plasma concentrations of
the heavy metals cadmium and arsenic are associated
with increased risk of kidney graft failure. It is unknown
if this association is also true for plasma lead concentrations. We measured plasma lead concentrations in
670 kidney transplant recipients with a functioning
graft for ≥1 year who were followed for approximately
5 years at our outpatient clinic in Groningen, The
Netherlands. Plasma lead concentrations were independently associated with an increased risk of late
kidney graft failure, suggesting that lead-targeted interventions could be examined in future research as
novel strategies to decrease the burden of kidney allograft failure.

total lead intake from food.11 Cigarette smoking, alcoholic
beverages, and urban drinking water have also been
identified as important sources.12-14 Interestingly, it has
been suggested that, even though the calculated intake of
lead in the Dutch population is below the European Food
Safety Authority’s proposed limits of exposure for
augmented risk of developing systemic diseases, detrimental health effects cannot be excluded.11,15 In fact, the
Dutch Health Council recently identified lead-containing
water service pipes as a relevant source of overexposure
to lead and recommended avoidance in vulnerable groups
such as pregnant women, infants, and young children.16
In adults, the kidneys are among the organs most
affected by lead burden.17 Chronic exposure results in
glomerular dysfunction and chronic tubulointerstitial
nephritis, ultimately leading to fibrosis.18 Oxidative stress
has been suggested to be the main mechanism underlying
lead-associated toxicity.19 Lead inactivates functional thiol
groups in antioxidant enzymes and molecules,20 which
can also enhance the toxicity of other metals,19 leading to
lipid peroxidation and loss of membrane integrity in kidney cells.21
Minor exposures to lead can have nephrotoxic effects,
especially in patients with hypertension, diabetes, or
existing CKD.22,23 KTRs are especially susceptible to
oxidative agents as a result of chronic exposure to oxidative challenges, including a large burden of the aforementioned concomitant conditions, but also because of
maintenance immunosuppressive therapy and decreased
kidney function. We hypothesize that lead exposure represents an as-yet overlooked risk for decreased long-term
graft function, thereby representing a potentially modifiable risk factor to which clinical monitoring and therapeutic interventions may be applicable.
In the present study, we determined plasma lead concentrations in a large cohort of KTRs from the
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TransplantLines Food and Nutrition Biobank and Cohort
Study and investigated the association with late kidney
graft failure. We additionally studied changes in plasma
lead concentration before and after transplant in patients
from the ongoing TransplantLines Biobank and Cohort
Study.24
Methods
Study Population
Between November 2008 and March 2011, all adult KTRs
with a functioning allograft for ≥1 year who visited the
outpatient clinic of the University Medical Center Groningen (Groningen, The Netherlands) were invited to
participate in the TransplantLines Food and Nutrition
Biobank and Cohort Study (ClinicalTrials.gov identifier
NCT02811835) as described previously.7 A total of 707 of
817 (87%) eligible KTRs signed informed consent.
Pancreas transplant patients (n = 1) and patients without
plasma lead measurements (n = 36) were excluded from
the present analyses, resulting in 670 KTRs (Fig S1) at a
median of 5.4 (interquartile range [IQR], 1.9-11.8) years
after transplant. The study protocol was approved by the
institutional review board (METc 2008/186) and was
conducted in accordance with the Declaration of Helsinki.
To investigate intraindividual variability of plasma lead
levels before transplant and over time after transplant, we
requested follow-up plasma samples (at admission for
kidney transplant and at 3, 6, 12, and 24 months after
transplant) from 46 KTRs consecutively enrolled between
February 2016 and May 2017 in the ongoing TransplantLines Prospective Cohort and Biobank Study (ClinicalTrials.gov identifier NCT03272841; Fig S2).24 To
additionally investigate whole-blood lead compared with
plasma lead concentrations, we also collected plasma and
whole-blood samples of 122 KTRs (Fig S3) at a median of
4.9 (IQR, 1.4-10.9) years after transplant (ie, with a
transplant vintage comparable to baseline measurement of
plasma lead in the 670 KTRs in the main patient cohort of
the present study).
Data Collection and Deﬁnitions
All patients received transplants at University Medical
Center Groningen and were treated with standard immunosuppressive therapy (described in Item S1) as detailed
elsewhere.25 Medical and transplant history as well as
medication use were extracted from electronic patient records. Patients were asked to collect a 24-hour urine
specimen during the day before their outpatient clinic.
Blood was drawn the morning after completion of the
24-hour urine collection. The measurement of clinical and
laboratory parameters has been previously described.7 To
investigate whether dietary exposure is associated with
plasma lead levels,11 dietary intake was assessed using a
validated semiquantitative food frequency questionnaire
developed and updated at Wageningen University.26 To fill
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out the questionnaire, participants were asked about their
intake of 177 food items during the previous month,
taking seasonal variations into account. For each item, the
frequency was expressed in times per day, week, or
month. The number of servings was recorded in natural
units (eg, slice of bread or apple) or household measures
(eg, cup or spoon). The food frequency questionnaire was
self-administered and then checked by a trained researcher
on the day of the visit to the outpatient clinic. Inconsistent
answers were verified with the patients. The results of the
questionnaire were converted into total energy and
nutrient intake per day using the Dutch Food Composition
Table of 2006. Information on alcohol consumption and
smoking behavior was obtained by questionnaires.26 History of diabetes was defined as the use of antidiabetic
medication or a fasting blood glucose level ≥7.0 mmol/L.
Estimated glomerular filtration rate (eGFR) was calculated
using the CKD-EPI equation.27
Lead, Cadmium, and Arsenic Analyses
Whole-blood and plasma lead concentrations were determined with an inductively coupled plasma mass spectrometer (820-MS; Varian) with a validated method for the
measurement of heavy metals as previously reported.7,8
Standards were made by addition to blank blood or
plasma of known amounts of lead to obtain added concentrations of 2.5, 5, 10, 15, 20, and 25 μg/L. Control
samples were made by spiking blank blood or plasma with
known amounts of lead to obtain added concentrations of
7.5, 25.0, and 45.0 μg/L (low, medium, and high,
respectively). Sample preparation consisted of diluting a
100-μL sample with 1.0 mL dilution reagent (which
contained 0.005% Triton X-100, 0.005% EDTA, and 0.1
mg/L yttrium as an internal standard). Characteristics of
this method are summarized in Table S1. Plasma cadmium
and arsenic were determined as detailed previously.7,8
Clinical End Points
The primary end point of this study was graft failure,
defined as the requirement of dialysis or repeat transplant,
in adherence with current recommendations and state of
the art in the field.28 Death with a functioning graft (n =
112) was a competing event. The surveillance system of
the outpatient program at our university hospital ensures
updated information on patient status and events of graft
failure as assessed by a nephrologist. Within this system,
patients visit the outpatient clinic with decreasing frequency in accordance with the guidelines of the American
Society of Transplantation. End points were recorded until
September 2015. General practitioners or referring nephrologists were contacted in case the status of a patient
was unknown. No patients were lost to follow-up.
Statistical Analyses
Data analyses were performed using SPSS 27.0 for Windows (IBM) and R version 3.2.3 (R Foundation for
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Statistical Computing). Baseline characteristics of study
participants were described by subgroups of patients according to tertiles of plasma lead distribution. Normally
distributed variables are described as mean ± standard
deviation and skewed variables as median (IQR). Categorical variables are expressed as number with percentage.
Differences were studied using the χ 2 test or Fisher exact
test for categorical variables and linear regression analyses
for continuous variables. Residuals of linear regression
were checked. Variables were log2-transformed when
appropriate. A 2-sided P value <0.05 was considered
significant.
Box plots were used to illustrate median (IQR) plasma
lead levels at admission for transplant and at posttransplant
follow-up visits. Significance of potential difference between plasma lead at admission for transplant and 3
months after transplant was tested using the Wilcoxon
matched-pairs signed rank test, and significance of potential change during post–kidney transplant follow-up
visits was tested using one-way repeated-measure analysis of variance. To investigate posttransplant intraindividual variability of log2-transformed plasma lead
concentrations, we calculated the intraindividual coefficient of variation for posttransplant follow-up plasma lead
levels as (standard deviation/mean) × 100, in which
“mean” is the mean value of log2-transformed plasma lead
concentrations. The associations between plasma lead and
plasma cadmium and plasma arsenic were studied by
means of linear regression analyses. Residuals were
checked for normality and log2-transformed when
appropriate.
Prospective Analyses

In prospective analyses of the primary end point of graft
failure, the association of baseline lead concentration
(assessed from samples taken at a median of 5.4 [IQR,
1.9-11.8] years after transplant, which was the start of the
current prospective study) with risk of graft failure was
examined incorporating time to event by means of causespecific hazards models. For these analyses, the competing
risk of death with a functioning graft was accounted by
censoring at time of death. Schoenfeld residuals were
calculated to assess whether proportionality assumptions
were satisfied. The association of lead with risk of graft
failure was analyzed as a continuous and a categorical
variable. In cause-specific hazards models with continuous variables, plasma lead was log2-transformed to estimate regression coefficients per doubling of plasma lead
concentration. For categorical analyses, participants were
divided according to tertiles of plasma lead concentration.
To account for potential confounders, several
multivariable-adjusted cause-specific hazards models
were fitted to the data. We adjusted for demographic
characteristics, kidney transplant characteristics, and
lifestyle-related exposure to lead (age, sex, transplant
vintage, warm ischemia time, donor type, eGFR,
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proteinuria, smoking status, and alcohol intake) in model
1. Further models were performed with additional adjustments to model 1 (primary model). Thus, subsequently, we additively adjusted for cooccurring
prooxidant conditions (ie, history of hypertension and
diabetes) in model 2; history of cardiovascular disease
and dyslipidemia (ie, triglycerides and high-density lipoprotein cholesterol, and use of statins) in model 3;
cereal, vegetable, fish, and seafood intake in model 4; and
plasma cadmium and plasma arsenic (model 5). Covariates were handled as linear variables unless they were
primarily collected as categorical variables (ie, history of
hypertension, diabetes, use of statins). To illustrate the
association of plasma lead with risk of graft failure, data
were fitted using median plasma lead concentration (0.31
μg/L) as reference value (HR of 1.00) to estimate and
plot regression coefficients.
Potential effect modification by age, sex, systolic
blood pressure, eGFR, calcium, parathyroid hormone,
alkaline phosphatase, aspartate aminotransferase, alanine
aminotransferase, γ-glutamyl transferase, triglycerides,
diabetes, and cadmium levels were tested by fitting
models containing main effects and their cross-product
terms. The Bonferroni-adjusted significance threshold
(P < 0.004 for interaction) was considered to indicate
the presence of significant effect modification, after
which further evaluation proceeded through stratified
prospective analyses.
Results
Baseline Characteristics
We included 670 KTRs (mean age, 53 ± 13 years; 58%
male) at a median of 5.4 (IQR, 1.9-11.8) years after
transplant. Mean eGFR was 52 ± 20 mL/min/1.73 m2.
Median lead concentration was 0.31 (IQR, 0.22-0.45) μg/L.
Details of baseline characteristics by tertile of plasma lead
concentration are shown in Table 1. With a higher plasma
lead concentration tertile, participants were significantly
more likely to be of older age, male, and former smokers
and have higher intake of potatoes and higher plasma
concentrations of calcium, parathyroid hormone, alkaline
phosphatase, triglycerides, and cadmium. Transplant vintage and incidence of living-donor kidney transplant were
significantly lower with higher plasma lead concentration
tertile.
Linear regression analyses of log2-transformed plasma
lead concentration versus other potentially cooccurring
heavy metal exposures, ie, log2-transformed plasma cadmium and arsenic concentrations, are shown in Fig 1. We
found that higher plasma cadmium concentration is associated with higher plasma lead levels, whereas this was not
so for plasma arsenic levels. This may be due to overlapping or usually cooccurring sources of exposure to
cadmium and lead (smoking and alcohol intake,
respectively).14
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Prospective Analyses of the Association Between
Lead and Risk of Graft Failure
During a median follow-up of 4.9 (IQR, 3.4-5.5) years
after baseline lead concentration determination, 78 KTRs
experienced graft failure (12%; event rate, 78 per 3,270
patient-years). Higher plasma lead concentrations were
associated with increased risk of graft failure (HR, 1.59
[95% CI, 1.14-2.21] per doubling of plasma lead concentration; P = 0.006) independent of adjustment for age,
sex, transplant vintage, donor type, warm ischemia time,
smoking status, alcohol intake, eGFR, and proteinuria (Fig
2; Table 2). Similarly, in categorical analyses according to
tertiles of plasma lead distribution, higher plasma lead
level was significantly associated with increased risk of
graft failure (P = 0.01 for trend). These findings remained
materially unchanged in further multivariable-adjusted
analyses.
Analyses for Potential Effect Modiﬁcation
Results of analyses for assessment of potential effect
modification of the association between plasma lead and
risk of graft failure are shown in Table S2. We did not find
evidence of effect modification.
Serial Plasma Lead Levels in KTRs in the
TransplantLines Cohort and Biobank Study
Plasma lead concentrations at admission for transplant and
at different follow-up visits after transplant were investigated in 46 KTRs (mean age, 52 ± 14 years; eGFR, 43 ± 28
mL/min/1.73 m2) from the ongoing TransplantLines
Prospective Cohort and Biobank Study. Figure 3A shows
that plasma lead concentration at admission for transplant
was significantly different from plasma lead concentration
at 3 months after transplant (medians of 2.34 [IQR, 1.812.95] and 2.11 [IQR, 1.52-2.62] μg/L, respectively; P =
0.001). Figure 3B shows that plasma lead concentration at
transplant was significantly associated (standardized
β = 0.61, P < 0.001) with plasma lead concentration at 3
months after transplant (R2 = 0.37). Figure 4 shows box
plots with median plasma lead concentrations at different
follow-up visits after transplant (2.11 [IQR, 1.53-2.62],
2.01 [IQR, 1.55-2.28], 2.19 [IQR, 1.48-2.52], and 2.09
[IQR, 1.64-2.39] ng/L at 3, 6, 12, and 24 months after
transplant, respectively). Median intraindividual coefficient
of variation after transplant was 15% (IQR, 6%-32%), and
we did not find signs of a significant change in plasma lead
levels after transplant (P = 0.2, one-way repeated-measures
analysis of variance). The distribution of the intraindividual coefficient of variation is shown in Fig S4.
Blood Versus Plasma Lead Levels in KTRs in the
TransplantLines Cohort and Biobank Study
Figure S5 shows the association of whole-blood lead
(mean, 29.82; median, 21.50 [IQR, 15.18-37.18]; range,
7.10-114.0 μg/L) with plasma lead (mean, 0.60; median,
0.40 [IQR, 0.30-0.70]; range, 0.20-3.10 μg/L)
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Table 1. Baseline Characteristics of 670 Kidney Transplant Recipients
Plasma Lead Concentration
Characteristic
Lead, μg/L
Demographic/anthropometric
Age, y
Male sex
Body mass index, kg/m2
Diabetes
Smoking status
Never
Former
Current
Alcohol use
0 g/d
>0-10 g/d
10-30 g/d
>30 g/d
History of CVD
Systolic BP, mm Hg
Diastolic BP, mm Hg
Use of antihypertensive medication
Kidney function and transplant history
eGFR, mL/min/1.73 m2
Proteinuria
Transplant vintage, y
Acute rejection
Cold ischemia time, h
Warm ischemia time, min
HLA mismatches
Living donor
Primary kidney disease
Glomerulosclerosis
Glomerulonephritis
Tubulointerstitial nephritis
Polycystic kidney disease
Kidney hypoplasia or dysplasia
Renovascular disease
Diabetes
Other/miscellaneous
Records of immunosuppressive therapy
Use of calcineurin inhibitor
Use of proliferation inhibitor
Corticosteroid dose <10 mg/d
Dietary intake
Cereals, g/d
Potatoes, g/d
Vegetables, g/d
Fruits, g/d
Nuts, g/d
Fish and seafood, g/d
Meat, g/d
Milk and dairy products, g/d
Laboratory measurements
Calcium, mmol/L
Parathyroid hormone, pmol/L

Tertile 1: ≤0.24 μg/L
(n = 224)
0.19 [0.16-0.22]

Tertile 2: 0.24-0.38 μg/L
(n = 224)
0.31 [0.27-0.35]

Tertile 3: ≥0.38 μg/L
(n = 222)
0.53 [0.45-0.72]

50 ± 13
107 (48%)
26.3 ± 5.1
57 (25%)

53 ± 13
145 (65%)
26.8 ± 4.2
52 (23%)

56 ± 12
133 (60%)
26.9 ± 4.9
54 (24%)

107 (48%)
81 (36%)
25 (11%)

87 (39%)
96 (43%)
27 (12%)

72 (32%)
107 (48%)
28 (13%)

23 (10%)
134 (60%)
37 (17%)
5 (2%)
93 (42%)
134 ± 17
82 ± 11
192 (86%)

22 (10%)
121 (54%)
53 (24%)
12 (5%)
102 (46%)
136 ± 17
83 ± 11
193 (86%)

30 (14%)
113 (51%)
40 (18%)
13 (6%)
100 (45%)
138 ± 18
83 ± 11
205 (92%)

55 ± 21
47 (21%)
6 [2-14]
65 (29%)
13 [3-21]
43 ± 15
2.2 ± 1.6
93 (42%)

51 ± 20
54 (24%)
7 [3-12]
65 (29%)
15 [3-21]
42 ± 14
2.1 ± 1.5
80 (36%)

52 ± 19
49 (22%)
4 [1-9]
46 (21%)
15 [3-21]
45 ± 17
2.4 ± 1.6
58 (26%)

66 (30%)
21 (9%)
25 (11%)
42 (19%)
14 (6%)
10 (5%)
9 (4%)
37 (17%)

72 (32%)
15 (7%)
28 (13%)
45 (20%)
8 (4%)
12 (5%)
11 (5%)
33 (15%)

52 (23%)
15 (7%)
22 (1%)
54 (24%)
7 (3%)
17 (8%)
12 (5%)
43 (19%)

124 (55%)
185 (83%)
101 (45%)

127 (57%)
187 (84%)
92 (41%)

133 (60%)
186 (84%)
81 (37%)

0.6
0.9
0.2

182 [138-227]
100 [60-150]
81 [55-121]
104 [47-189]
4.8 [0.0-9.6]
10.5 [4.0-18.7]
94 [69-114]
377 [251-498]

176 [125-225]
119 [60-158]
79 [56-119]
107 [51-199]
3.0 [0.7-9.4]
11.7 [4.7-23.0]
91 [71-118]
347 [229-488]

172 [134-218]
119 [60-160]
75 [48-115]
107 [48-178]
3.5 [0.0-8.9]
11.5 [3.9-20.0]
97 [73-119]
369 [235-536]

0.9
0.04
0.7
0.5
0.3
0.2
0.2
0.5

2.38 ± 0.14
8.4 [5.9-13.8]

2.39 ± 0.15
9.8 [6.4-15.0]

2.43 ± 0.15
10.2 [6.8-17.0]

<0.001
0.03

P for trend
–
<0.001
0.001
0.4
0.9
0.01

0.9

0.7
0.2
0.6
0.06
0.2
0.7
<0.001
0.07
0.2
0.04
0.7
0.003
0.5

(Continued)
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Table 1 (Cont'd). Baseline Characteristics of 670 Kidney Transplant Recipients
Plasma Lead Concentration
Tertile 1: ≤0.24 μg/L
(n = 224)
58 [42-98]
5.0 ± 1.1
1.3 ± 0.4
2.8 [2.2-3.6]
1.7 [1.2-2.2]
5.3 [4.7-6.1]
6.0 ± 0.9
0.05 [0.04-0.06]
1.23 [1.04-1.86]

Characteristic
FGF-23, RU/mL
Total cholesterol, mmol/L
HDL cholesterol, mmol/L
LDL cholesterol, mmol/L
Triglycerides, mmol/L
Glucose, mmol/L
HbA1c, %
Cadmium, μg/L
Arsenic, μg/L

Tertile 2: 0.24-0.38 μg/L
(n = 224)
66 [44-98]
5.2 ± 1.1
1.4 ± 0.5
2.9 [2.4-3.5]
1.7 [1.2-2.3]
5.2 [4.7-6.0]
5.9 ± 0.7
0.06 [0.04-0.07]
1.31 [1.05-2.23]

Tertile 3: ≥0.38 μg/L
(n = 222)
62 [43-99]
5.1 ± 1.1
1.4 ± 0.5
2.9 [2.3-3.5]
1.8 [1.3-2.5]
5.3 [4.9-6.2]
6.1 ± 0.9
0.07 [0.05-0.09]
1.24 [1.02-2.01]

P for trend
0.5
0.09
0.9
0.1
0.01
0.5
0.8
<0.001
0.3

Values for continuous variables presented as mean ± standard deviation or median [interquartile range]. Differences among tertiles of the plasma lead distribution were
studied by means of analysis of variance or the linear regression test for continuous variables and by means of the χ2 test for categorical variables. Abbreviations: eGFR,
estimated glomerular ﬁltration rate; HDL, high-density lipoprotein; HLA, human leukocyte antigen; LDL, low-density lipoprotein; CVD, cardiovascular disease; RU, relative
unit; BP, blood pressure; HbA1c, hemoglobin A1c.

concentration (standardized β = 0.68; P < 0.001) in 122
KTRs in the TransplantLines Prospective Cohort and Biobank Study.
Discussion
This study of a large cohort of KTRs shows that plasma lead
concentration is associated with increased risk of late
kidney graft failure. Our results were independent of
adjustment for age, sex, transplant characteristics, eGFR,
proteinuria, smoking status, history of hypertension and
diabetes mellitus; dietary intake of cereals, vegetables, fish,
and seafood; and plasma concentrations of cadmium and
arsenic. These results suggest that lead exposure may be a
potentially modifiable, yet previously overlooked, risk
factor for late graft failure in KTRs, underscoring the
question whether plasma lead monitoring and therapeutic
interventions to decrease its levels might diminish the
burden of late graft failure in KTRs.
We found lower plasma and whole-blood lead concentrations than previous studies in the general population
(eg, mean lead concentrations of 0.54 and 119 μg/L,
respectively29) and occupational cohorts (eg, geometric
mean lead concentrations of 0.57 and 227 μg/L, respectively30). In a large (N = 15,211) representative sample of
the civilian noninstitutionalized US population

B

P<0.001

log2 plasma arsenic

log 2 plasma cadmium

A 2

participating in the Third National Health and Nutrition
Examination Survey, mean blood lead concentrations were
42.1 and 33.0 μg/L, respectively, in participants with and
without hypertension,23 which are also higher than the
blood lead levels than in our study. Evaluating the relationship between plasma and blood lead concentrations,
Smith et al31 described a curvilinear relationship, with the
mean ratio of plasma to whole-blood lead in the 0.308%0.291% range. The median baseline plasma lead concentration in the present cohort of 670 KTRs was 0.31 μg/L.
Using the ratio of 0.3% reported by Smith et al, this value
would correspond to a whole-blood lead concentration of
103 μg/L, which is approximately 5 times higher than the
whole-blood lead concentration we found. This suggests a
much higher plasma lead–to–whole-blood lead ratio in the
KTRs in our study than in the general population.
Of potential relevance, lead is known as a “boneseeking” element, with lead from blood first being
incorporated in bone and released from it later at rates
depending on bone turnover rates.32 Because plasma
lead–to–whole-blood lead ratios have consistently found
to be more strongly associated with bone lead levels than
whole-blood lead concentrations,31 this could indicate that
plasma lead concentrations are more closely related to
bone lead levels than whole-blood lead concentrations.
Given that secondary and tertiary hyperparathyroidism
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Figure 1. Linear regression analyses of the association between plasma levels of lead and (A) cadmium (standardized β = 0.27,
P < 0.001) and (B) arsenic (standardized β = 0.04, P = 0.3).
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Figure 2. Association of plasma lead concentration with risk of
graft failure in kidney transplant recipients. Data were ﬁtted by
cause-speciﬁc hazards models using median lead concentration
(0.31 μg/L) as reference value. The black line represents the
hazard ratio, and the gray area represents the 95% CI.

leading to high bone turnover are very common in KTRs33
but very uncommon in the general population, it is
conceivable this could play a role in a higher plasma
lead–to–whole-blood lead ratio in KTRs than in the general
population. Interestingly, we also found that the group of
KTRs with serial plasma lead measurements (n = 46) had
approximately 10-fold higher plasma lead concentrations
than the 670 KTRs in the main patient cohort in the present study. Of note, the KTRs with the 10-fold higher
plasma lead concentrations were studied at a rather short
transplant vintage (3-24 months after transplant)
compared with the 670 patients in the main cohort (median, 5.4 [IQR, 1.9-11.8] years after transplant). It is
possible that the high plasma lead concentrations in the
early phase after transplant are reflective of the boneseeking tendencies of lead32 considering that it is widely
acknowledged that post–kidney transplant osteodystrophy

is a special entity, with most rapid net bone loss in the first
year after transplant, followed by more mitigated, but
continued, loss thereafter.33 The high rate bone loss in the
early phase after transplant may set more lead free from
bone, and this itself, or circumstances accompanying it
(eg, low phosphate concentrations or acidosis),34 may
shift the equilibrium between plasma lead and wholeblood lead toward relatively high concentrations of the
former. It would be of interest if future studies could
investigate the association of plasma lead and whole-blood
lead with metabolic milieu and bone turnover early and
late after transplant.
Previous literature has linked lead exposure to decreased
kidney function,22,35 contributing to deterioration of
kidney function in the general population36 and in patients
with CKD.23,37 Our findings are in agreement with the
evidence pointing toward the kidney as a relevant site of
lead toxicity,38 with chronic exposure inducing progressive proximal tubular atrophy, interstitial fibrosis, and
vascular changes.18,22,39 Because higher blood lead levels
are associated with increased risk of hypertension,40 it
could be hypothesized that at least part of the leadassociated risk of graft failure is attributable to an intermediary role of increased blood pressure in KTRs.4
Although it was not statistically significant, we observed
nominally higher systolic blood pressures at greater tertiles
of plasma lead concentration and a borderline higher use
of antihypertension medication in patients with higher
plasma lead levels. However, the association between lead
concentration and graft failure was independent of hypertension, which may suggest that plasma lead level is
associated with risk of late graft failure mainly by direct
mechanisms of nephrotoxicity.
Food, tobacco, and alcohol consumption are the most
relevant sources of lead exposure in the general population.12-14 In The Netherlands, particularly, water service
pipes have been identified as a relevant source of overexposure to lead.16 Lead is available in organic and inorganic forms. Inorganic lead is not metabolized, but
distributed, and deposited in soft tissues and bones.17
Because we found plasma lead concentrations to be positively associated with plasma calcium concentration,

Table 2. Association of Lead With Risk of Graft Failure
Lead, per log2 greater, μg/L
Model
Model
Model
Model
Model

1
2
3
4
5

HR (95% CI)
1.59 (1.14-2.21)
1.60 (1.15-2.24)
1.60 (1.14-2.26)
1.54 (1.10-2.16)
1.56 (1.11-2.18)

P
<0.006
0.006
0.007
<0.01
<0.01

HR (95% CI)
Lead Tertile 1
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)

Lead Tertile 2
0.95 (0.46-1.96)
0.91 (0.43-1.90)
1.03 (0.48-2.20)
0.94 (0.45-1.95)
0.94 (0.45-1.93)

Lead Tertile 3
2.11 (1.03-4.33)
2.12 (1.03-4.35)
2.18 (1.03-4.57)
1.94 (0.93-4.03)
1.94 (0.94-4.02)

Cause-speciﬁc hazards models were performed to assess the association of plasma lead concentration with death-censored graft failure (events, n = 78). Associations are
shown with plasma lead concentration as a continuous variable and according to tertiles of the plasma lead distribution (tertile 1, ≤0.24 μg/L; tertile 2, 0.25-0.38 μg/L;
tertile 3, ≥38 μg/L). Models were adjusted for age, sex, transplant vintage, donor type, warm ischemia time, smoking status, alcohol intake, estimated glomerular ﬁltration
rate, and proteinuria (model 1). Further models were performed with additional adjustments to model 1 (primary model) as follows: history of hypertension and diabetes
mellitus (model 2); history of cardiovascular disease and triglycerides, high-density lipoprotein cholesterol, and use of statins (model 3); cereals, vegetables, ﬁsh, and
seafood intake (model 4); and plasma cadmium and plasma arsenic (model 5).
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with plasma lead concentration at 3 months after transplant (R2 = 0.37).
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plasma concentrations of parathyroid hormone and alkaline phosphatase may be appreciated as a sign of the affinity of lead to bone and its acknowledged adverse effect
on bone mineralization. After absorption, lead enters the
bloodstream, where it is predominantly bound to erythrocyte proteins41 with a half-life of approximately 35
days.42 Clearance from circulation occurs through distribution into soft tissues and bone as well as excretion. A
small amount of lead is excreted in feces, sweat, hair, and
nails, and the main excretion is through kidney filtration
and elimination in urine.41 In human kidney cells, lead-

6
4
2
0
3m post-tx 6m post-tx 12m post-tx 24m post-tx

Figure 4. Plasma lead concentrations in 46 kidney transplant recipients in the TransplantLines Prospective Cohort and Biobank
Study at different follow-up visits after transplant. Box plots show
median (interquartile range). Signiﬁcance of potential change
during follow-up visits was tested using one-way repeated-measures analysis of variance, which indicated no signiﬁcant change
over time (P = 0.2). Median intraindividual coefﬁcient of variation
of plasma lead concentration was 15% (interquartile range, 6%32%). The distribution of the intraindividual coefﬁcient of variation is shown in Fig S3.
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binding proteins have been identified, which are presumably endocytosed, entering proximal tubular epithelial
cells.43 At toxic levels, when inside the cells, these proteins
tend to form inclusion bodies in the cytoplasm, which has
a temporal correlation with the onset of tubular dysfunction.44 It has been suggested that these inclusion bodies
reduce cytoplasmic lead concentrations, allowing renal
tubular epithelium to remain viable, albeit at a reduced
functional level.45 Plasma lead levels reflect exposure from
exogenous sources plus the release of endogenous lead
from bone. Plasma rather than blood levels reflect the
fraction of circulatory lead that is more freely available for
exchange with tissues46 and that, in the kidney, is filtered
to form the ultrafiltrate to which the kidney tubular
epithelial cells are exposed, thus more closely signaling
lead kidney burden for estimation of kidney function
risk.31
Our findings are relevant for informing clinical followup of outpatient KTRs. Our findings may underscore the
need to ask KTRs about occupation and hobbies with
chemical exposures. In addition, chelation therapy, used in
heavy-metal poisoning, may warrant further study as a
potential interventional approach to reduce the burden of
long-term graft failure in KTRs. Of note, it has been
repeatedly shown that the urinary excretion of lead can be
increased by using calcium-EDTA chelation, which in turn
has proven to lessen progression rates of diabetic47 and
nondiabetic48 nephropathy in patients with high-normal
body lead burden, as well as progression of CKD in patients with increased body lead burden.37
It is worth noting that our study was conducted in a
population from the northeastern region of The
Netherlands, an area with known low lead environmental
exposure compared with developing countries49 or
AJKD Vol 80 | Iss 1 | July 2022
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industrial countries such as China, where child lead
intoxication has been a much more severe health concern.
Our data underscore that mildly increased plasma lead
concentrations (higher than approximately 0.30 μg/L, but
much lower than 5 μg/L as previously indicated by Ekong
et al22) may be a risk factor associated with impaired longterm graft function in KTRs. We acknowledge that our
study population was predominantly White and derived
from a single center from the northern part of The
Netherlands and may not be generalizable to other populations with different environmental contamination and
exposure to lead.
Point estimates of hazard ratios in the prospective analyses remained materially unchanged after adjustment for
intake of particular foods, suggesting that food sources
may not be a major route of exposure. We also acknowledge potential confounding effects of low socioeconomic
status, which is linked, at least in the United States, to high
lead exposure as a result of lead-based paint and lead pipes,
faucets, and plumbing fixtures.50 Further studies are
needed to better determine exposure routes and the association between exposure and circulating lead levels. In
our study of serial plasma lead levels in a sample population of the TransplantLines Cohort and Biobank Study,24
we found low intraindividual variability, indicative of
relatively stable plasma lead levels over time after transplant. It should be noted that we used posttransplant
plasma lead concentrations as the baseline lead concentration for the prospective analyses of the association with
graft failure, which assumes that the plasma lead concentrations did not change over time in the patients included
in these analyses. Although we found no evidence for
changes over time in plasma lead concentration after
transplant, this remains a rather strong assumption, which
requires confirmation in further studies. Although several
investigators have suggested that plasma lead represents a
more relevant index of exposure to health risks associated
with lead than does whole-blood lead, because plasma lead
may better reflect the fraction of circulatory lead that is
more freely available for exchange with tissues,31,32 it is
also true that research on associations between plasma lead
and toxicologic outcomes is still sparse, and a significant
gap in knowledge remains.32 It has been suggested that
plasma lead measurement is too imprecise to be useful in
individuals with low-level exposure, and whole-blood lead
concentration may be a useful biomarker in this situation.30 However, we found a strong association between
plasma lead level and long-term outcome, which suggests
that plasma lead concentrations are a meaningful
biomarker, at least in KTRs. Further studies are needed to
determine whether plasma lead levels detected with the
newest and most sensitive inductively coupled plasma
mass spectrometry equipment serve as a meaningful
biomarker in other populations and whether it can be used
as an alternative to whole-blood lead concentrations or
even outperform it as a biomarker. Finally, as a result of its
observational nature, the present study does not prove
AJKD Vol 80 | Iss 1 | July 2022

causality. Residual confounding may occur despite
adjustment for potential confounders.
Our results show that plasma lead level is independently
associated with risk of late kidney graft failure, indicating
the need for future studies to confirm our results and
externally validate our findings among different populations of KTRs. Lead exposure may be a potentially
modifiable risk factor for adverse long-term kidney graft
outcomes. Whether clinical monitoring of lead concentrations, reduction of environmental exposure, and
nontoxic therapeutic interventions (eg, chelation) to
decrease system lead concentrations in KTRs may represent
novel risk-management strategies to decrease the burden
of long-term kidney graft failure remains to be
investigated.
Supplementary Material
Supplementary File (PDF)
Figure S1: Flowchart for main study population.
Figure S2: Flowchart for patients with longitudinal follow-up from the
ongoing TransplantLines Prospective Cohort and Biobank Study.
Figure S3: Flowchart for patients from the ongoing TransplantLines
Prospective Cohort and Biobank Study with a transplant vintage at
baseline comparable to that of the main study population.
Figure S4: Distribution of the intraindividual coefﬁcient of variation of
plasma lead at 3, 6, 12, and 24 months after transplant in 46 KTRs in
the ongoing TransplantLines Prospective Cohort and Biobank Study.
Figure S5: Association of whole-blood lead with plasma lead in 122
KTRs in the TransplantLines Prospective Cohort and Biobank Study.
Item S1: Immunosuppressive therapy.
Table S1: Bias and precision of lead measurements in whole blood
and in plasma using standard addition of known amounts of lead
Table S2: Potential effect modiﬁers of the association between lead
level and risk of graft failure

Article Information
TransplantLines Investigators: Kevin Damman, Vincent E. de
Meijer, Robert J. Porte, Marieke T. de Boer, Henri G.D. Leuvenink,
Robert A. Pol, Coby Annema, Adelita V. Ranchor, Marion J
Siebelink, Willem S. Lexmond, Bouke G. Hepkema, L. Joost van
Pelt, C. Tji Gan, Erik A.M. Verschuuren, Frank A.J.A. Bodewes,
Gerard Dijkstra, Hans J. Blokzijl, Bert H.G.M. Niesters, JanStephan F. Sanders, Heleen Grootjans, Rianne M. Douwes,
Michele F. Eisenga, Ant
onio W. Gomes-Neto, Daan Kremer,
Riemer H.J.A. Slart, Michiel E. Erasmus, Coretta van Leer-Buter,
Marco van Londen, Wim Timens, Arjan Diepstra, Marius C. van
den Heuvel, Tim J. Knobbe, Joëlle C. Schutten, Cas Swarte, Rinse
K. Weersma, Daan J. Touw, Rebecca Heiner-Fokkema, Michel Vos,
Frank Klont, and Eelko Hak.
Authors’ Full Names and Academic Degrees: Camilo G.
Sotomayor, MD, PhD, Flavia Giubergia, BSc, Dion Groothof, BSc,
Catterina Ferreccio, MD, PhD, Ilja M. Nolte, PhD, Gerjan J. Navis,
MD, PhD, Antonio W. Gomes-Neto, MD, Daan Kremer, MD, Tim J.
Knobbe, MD, Michele F. Eisenga, MD, PhD, Ram
on Rodrigo, MSc,
Daan J. Touw, PhD, and Stephan J.L. Bakker, MD, PhD.
Authors’ Afﬁliations: Division of Nephrology, Department of Internal
Medicine (CGS, DG, GJN, AWG-N, DK, TJK, MFE, SJLB) and
Departments of Epidemiology (IMN) and Clinical Pharmacy and
Pharmacology (DJT), University Medical Center Groningen,
95

Sotomayor et al
University of Groningen, Groningen, The Netherlands; Molecular and
Clinical Pharmacology Program, Institute of Biomedical Sciences,
Faculty of Medicine, University of Chile (CGS, FG, RR); Advanced
Center for Chronic Diseases, Pontiﬁcia Universidad Cat
olica de
Chile (CF); Program of Integrative Biology, Institute of Biomedical
Sciences, Faculty of Medicine, University of Chile (CGS);
Radiology Department, Clinical Hospital University of Chile,
University of Chile (CGS), Santiago, Chile.
Address for Correspondence: Camilo G. Sotomayor, MD, PhD,
Division of Nephrology, Department of Internal Medicine, University
Medical Center Groningen, Hanzeplein 1, PO Box 30.001, 9713
GZ Groningen, The Netherlands. Email: c.g.sotomayor.campos@
umcg.nl
Authors’ Contributions: Data acquisition: DJT, SJLB; data analysis:
CGS; data interpretation: CGS, FG, DG, CF, IMN, GJN, AWG-N,
DK, TJK, MFE, RR, DJT, and SJLB; cohort design: SJLB. Each
author contributed important intellectual content during manuscript
drafting or revision and agrees to be personally accountable for
the individual’s own contributions and to ensure that questions
pertaining to the accuracy or integrity of any portion of the work,
even one in which the author was not directly involved, are
appropriately investigated and resolved, including with
documentation in the literature if appropriate.
Support: This study was based on the TransplantLines Food and
Nutrition Biobank and Cohort Study, which was funded by the Top
Institute Food and Nutrition of The Netherlands (grant A-1003), and
TransplantLines Biobank and Cohort Study, which is supported by a
grant from Astellas BV. Dr Sotomayor was supported by a doctorate
studies grant from CONICYT (F 72190118). The funders had no
role in study design, data collection, analysis, reporting, or the
decision to submit for publication.
Financial Disclosure: The authors declare that they have no other
relevant ﬁnancial interests.

7.

8.

9.
10.

11.

12.

13.

14.

15.

Acknowledgments: We thank Jan IJmker for the provided support
with laboratory measurements. We thank FONDECYT 1211988
for the provided support with human resources.
Peer Review: Received May 4, 2021. Evaluated by 3 external peer
reviewers, with direct editorial input from a Statistics/Methods
Editor, an Associate Editor, and the Editor-in-Chief. Accepted in
revised form October 15, 2021.

References
1. Lamb KE, Lodhi S, Meier-Kriesche HU. Long-term renal allograft survival in the United States: a critical reappraisal. Am J
Transpl. 2011;11(3):450-462. doi:10.1111/j.1600-6143.
2010.03283.x
2. Clark S, Kadatz M, Gill J, Gill JS. Access to kidney transplantation after a failed ﬁrst kidney transplant and associations
with patient and allograft survival: an analysis of national data to
inform allocation policy. Clin J Am Soc Nephrol. 2019;14(8):
1228-1237. doi:10.2215/CJN.01530219
3. Molnar MZ, Streja E, Kovesdy CP, et al. Estimated glomerular
ﬁltration rate at reinitiation of dialysis and mortality in failed
kidney transplant recipients. Nephrol Dial Transplant.
2012;27(7):2913-2921. doi:10.1093/ndt/gfs004
4. Mange KC, Cizman B, Joffe M, Feldman HI. Arterial hypertension and renal allograft survival. JAMA. 2000;283(5):633-638.
doi:10.1001/jama.283.5.633
5. Nankivell BJ, Kuypers DRJ. Diagnosis and prevention of chronic
kidney allograft loss. Lancet. 2011;378(9800):1428-1437. doi:
10.1016/S0140-6736(11)60699-5
6. Bikbov B, Purcell CA, Levey AS, et al. Global, regional, and
national burden of chronic kidney disease, 1990–2017: a

96

16.

17.

18.

19.

20.

21.

22.

23.

24.

systematic analysis for the Global Burden of Disease Study
2017. Lancet. 2020;395:709-733. doi:10.1016/S01406736(20)30045-3
Sotomayor CG, Groothof D, Vodegel JJ, et al. Plasma cadmium
is associated with increased risk of long-term kidney graft failure. Kidney Int. 2021;99(5):1213-1224. doi:10.1016/j.kint.
2020.08.027
Sotomayor CG, Groothof D, Vodegel JJ, et al. Circulating
arsenic is associated with long-term risk of graft failure in kidney
transplant recipients: a prospective cohort study. J Clin Med.
2020;9(2):417. doi:10.3390/jcm9020417
Medlin J. Sweet candy, bitter poison. Environ Health Perspect.
2004;112(14):803. doi:10.1289/ehp.112-a803a
Kaiser R, Henderson AK, Daley WR, et al. Blood lead levels of
primary school children in Dhaka, Bangladesh. Environ
Health Perspect. 2001;109(6):563-566. doi:10.1289/ehp.
01109563
Boon P, te Biesebeek J, van Donkersgoed G. Dietary exposure
to lead in The Netherlands. RIVM Letter Report 2016-0206.
National Institute for Public Health and the Environment
(RIVM); 2015.
Maas RP, Patch SC, Morgan DM, Pandolfo TJ. Reducing lead
exposure from drinking water: recent history and current status.
Public Health Rep. 2005;120(3):316-321. doi:10.1177/
003335490512000317
Rubio Armend
ariz C, Garcia T, Soler A, et al. Heavy metals in
cigarettes for sale in Spain. Environ Res. 2015;143(A):162169. doi:10.1016/j.envres.2015.10.003
Hagedoorn IJM, Gant CM, van Huizen S, et al. Lifestyle-related
exposure to cadmium and lead is associated with diabetic
kidney disease. J Clin Med. 2020;9(8):2432. doi:10.3390/
jcm9082432
van Kesteren PCE, Walraven N, Schuurman RAT, et al.
Bioavailability of lead from Dutch made grounds: a validation
study. RIVM Report 607711015/2014. National Institute for
Public Health and the Environment (RIVM); 2015.
Health Council of the Netherlands (Gezondheidsraad). Lead
intake via tap water. Accessed March 20, 2021. https://www.
rivm.nl/en/news/lead-exposure-via-tap-water-at-times-too-high
Mitra P, Sharma S, Purohit P, Sharma P. Clinical and molecular
aspects of lead toxicity: An update. Crit Rev Clin Lab Sci.
2017;54(7-8):506-528.
doi:10.1080/10408363.2017.
1408562
Xu X, Nie S, Ding H, Hou FF. Environmental pollution and kidney diseases. Nat Rev Nephrol. 2018;14(5):313-324. doi:10.
1038/nrneph.2018.11
Jomova K, Valko M. Advances in metal-induced oxidative stress
and human disease. Toxicology. 2011;283(2-3):65-87. doi:10.
1016/j.tox.2011.03.001
Patra RC, Rautray AK, Swarup D. Oxidative stress in lead and
cadmium toxicity and its amelioration. Vet Med Int. 2011;2011:
457327. doi:10.4061/2011/457327
Liu B, Zhang H, Tan X, et al. GSPE reduces lead-induced
oxidative stress by activating the Nrf2 pathway and suppressing miR153 and GSK-3β in rat kidney. Oncotarget.
2017;8(26):42226-42237. doi:10.18632/oncotarget.15033
Ekong EB, Jaar BG, Weaver VM. Lead-related nephrotoxicity: a
review of the epidemiologic evidence. Kidney Int. 2006;70(12):
2074-2084. doi:10.1038/sj.ki.5001809
Muntner P, He J, Vupputuri S, Coresh J, Batuman V. Blood lead
and chronic kidney disease in the general United States population: results from NHANES III. Kidney Int. 2003;63(3):
1044-1050. doi:10.1046/j.1523-1755.2003.00812.x
Eisenga MF, Gomes-Neto AW, Van Londen M, et al.
Rationale and design of TransplantLines: a prospective

AJKD Vol 80 | Iss 1 | July 2022

Sotomayor et al

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

cohort study and biobank of solid organ transplant recipients. BMJ Open. 2018;8(12):24502. doi:10.1136/
bmjopen-2018-024502
Gomes-Neto AW, Ost
e MC, Sotomayor C, et al. Fruit and
vegetable intake and risk of posttransplantation diabetes in
renal transplant recipients. Diabetes Care. 2019;42(9):16441652. doi:10.2337/dc19-0224
Feunekes GI, Van Staveren WA, De Vries JH, Burema J,
Hautvast JG. Relative and biomarker-based validity of a foodfrequency questionnaire estimating intake of fats and cholesterol. Am J Clin Nutr. 1993;58(4):489-496. doi:10.1093/ajcn/
58.4.489
Levey AS, Stevens LA, Schmid CH, et al. A new equation to
estimate glomerular ﬁltration rate. Ann Intern Med.
2009;150(9):604-612.
doi:10.7326/0003-4819-150-9200905050-00006
Sohel BM, Rumana N, Ohsawa M, Turin TC, Kelly MA, Al
Mamun M. Renal function trajectory over time and adverse
clinical outcomes. Clin Exp Nephrol. 2016;20(3):379-393. doi:
10.1007/s10157-015-1213-0
Hernandez-Avila M, Smith D, Meneses F, Sanin LH, Hu H.
The inﬂuence of bone and blood lead on plasma lead levels
in environmentally exposed adults. Environ Health Perspect.
1998;106(8):473-477.
doi:10.1289/EHP.1061533211
Nilsson Sommar J, Hedmer M, Lundh T, Nilsson L, Skerfving S,
Bergdahl IA. Investigation of lead concentrations in whole
blood, plasma and urine as biomarkers for biological monitoring
of lead exposure. J Expo Sci Environ Epidemiol. 2014;24(1):
51-57. doi:10.1038/jes.2013.4
Smith D, Hernandez-Avila M, T
ellez-Rojo MM, Mercado A,
Hu H. The relationship between lead in plasma and whole
blood in women. Environ Health Perspect. 2002;110(3):263268. doi:10.1289/ehp.02110263
Barbosa F Jr, Tanus-Santos JE, Gerlach RF, Parsons PJ.
A critical review of biomarkers used for monitoring human
exposure to lead: advantages, limitations, and future needs.
Environ Health Perspect. 2005;113(12):1669. doi:10.1289/
EHP.7917
Wolf M, Weir M, Kopyt N, et al. A prospective cohort study of
mineral metabolism after kidney transplantation. Transplantation.
2016;100(1):184-193.
doi:10.1097/TP.
0000000000000823
Evenepoel P, Meijers B, de Jonge H, et al. Recovery of hyperphosphatoninism and renal phosphorus wasting one year after
successful renal transplantation. Clin J Am Soc Nephrol.
2008;3(6):1829-1836. doi:10.2215/CJN.01310308
Harari F, Sallsten G, Christensson A, et al. Blood lead levels
and decreased kidney function in a population-based cohort.
Am J Kidney Dis. 2018;72(3):381-389. doi:10.1053/j.ajkd.
2018.02.358

AJKD Vol 80 | Iss 1 | July 2022

36. Staessen JA, Lauwerys RR, Buchet JP, et al. Impairment of
renal function with increasing blood lead concentrations in the
general population. N Engl J Med. 1992;327(3):151-156. doi:
10.1056/NEJM199207163270303
37. Yu CC, Lin JL, Lin-Tan DT. Environmental exposure to lead and
progression of chronic renal diseases: a four-year prospective
longitudinal study. J Am Soc Nephrol. 2004;15(4):1016-1022.
doi:10.1097/01.asn.0000118529.01681.4f
38. Fowler BA, DuVal G. Effects of lead on the kidney: roles of highafﬁnity lead-binding proteins. Environ Health Perspect.
1991;91:77-80. doi:10.1289/ehp.919177
39. Orr SE, Bridges CC. Chronic kidney disease and exposure to
nephrotoxic metals. Int J Mol Sci. 2017;18(5):1039. doi:10.
3390/ijms18051039
40. Han L, Wang X, Han R, et al. Association between blood lead
level and blood pressure: an occupational population-based
study in Jiangsu province, China. PLoS One. 2018;13(7):
e0200289 doi:10.1371/journal.pone.0200289
41. Hu H, Shih R, Rothenberg S, Schwartz BS. The epidemiology
of lead toxicity in adults: measuring dose and consideration of
other methodologic issues. Environ Health Perspect.
2007;115(3):455-462. doi:10.1289/ehp.9783
42. Rabinowitz MB. Toxicokinetics of bone lead. Environ Health
Perspect. 1991;91:33-37. doi:10.1289/ehp.919133
43. Bridges CC, Zalups RK. Molecular and ionic mimicry and the
transport of toxic metals. Toxicol Appl Pharmacol.
2005;204(3):274-308. doi:10.1016/j.taap.2004.09.007
44. Fowler BA. Mechanisms of kidney cell injury from metals. Environ
Health Perspect. 1992;100:57-63. doi:10.1289/ehp.9310057
45. Goyer RA. Mechanisms of lead and cadmium nephrotoxicity.
Toxicol Lett. 1989;46(1-3):153-162. doi:10.1016/03784274(89)90124-0
46. Smith DR, Ilustre RP, Osterloh JD. Methodological considerations for the accurate determination of lead in human plasma
and serum. Am J Ind Med. 1998;33(5):430-438. doi:10.1002/
(SICI)1097-0274(199805)33:5<430::AID-AJIM2>3.0.CO;2-W
47. Chen KH, Lin JL, Lin-Tan DT, et al. Effect of chelation therapy on
progressive diabetic nephropathy in patients with type 2 diabetes and high-normal body lead burdens. Am J Kidney Dis.
2012;60(4):530-538. doi:10.1053/j.ajkd.2012.04.028
48. Lin-Tan DT, Lin JL, Yen TH, Chen KH, Huang YL. Long-term
outcome of repeated lead chelation therapy in progressive nondiabetic chronic kidney diseases. Nephrol Dial Transplant.
2007;22(10):2924-2931. doi:10.1093/ndt/gfm342
49. Mennen MG, van Pul WAJ, Nguyen PL, et al. Emissies en
verspreiding van zware metalen. RIVM Report 609100004/
2010. National Institute for Public Health and the Environment
(RIVM); 2010.
50. Centers for Disease Control and Prevention. Populations at
Higher Risk | Lead | CDC. Accessed July 31, 2021. https://
www.cdc.gov/nceh/lead/prevention/populations.htm

97

Sotomayor et al

Plasma Lead and Risk of Late Kidney Allograft Failure:
Findings From the TransplantLines Biobank and Cohort Studies
Design and Methods

670
kidney
transplant
recipients
With a
functioning
graft ≥1 year

Baseline
phenotyping
including
plasma lead (Pb)
measurement
Median follow-up
~5 years

Results
Median Pb
0.31 μg/L
(IQR, 0.22‒0.45)

Major Finding
Risk of Graft Failure

78
graft failure
events
HR 1.59
95% CI 1.14‒2.21
per doubling of
plasma Pb

CONCLUSION: Plasma lead is independently associated with
CON
increased risk of late kidney graft failure.
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