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Abstract
Introduction: In chronic kidney disease, proteinuria in-
creases urinary copper excretion, inducing oxidative tubular
damage and worsening kidney function. We investigated
whether this phenomenon occurred in kidney transplant
recipients (KTRs). In addition, we studied the associations of
urinary copper excretion with the biomarker of oxidative
tubular damage urinary liver-type fatty-acid binding protein
(u-LFABP) and death-censored graft failure. Methods: This
prospective cohort study was performed in the Netherlands
between 2008 and 2017, including outpatient KTR with a
functioning graft for longer than 1 year, who were exten-
sively phenotyped at baseline. Twenty-four-hour urinary
copper excretion was measured by inductively coupled
plasma mass spectrometry. Multivariable linear and Cox
regression analyses were performed. Results: In 693 KTR
(57%men, 53 ± 13 years, estimated glomerular filtration rate

[eGFR] 52 ± 20 mL/min/1.73 m2), baseline median urinary
copper excretion was 23.6 (interquartile range 11.3–15.9)
µg/24 h. Urinary protein excretion was positively associated
with urinary copper excretion (standardized β = 0.39, p <
0.001), and urinary copper excretion was positively associ-
ated with u-LFABP (standardized β = 0.29, p < 0.001). During
a median follow-up of 8 years, 109 (16%) KTR developed
graft failure. KTR with relatively high copper excretion were
at higher risk of long-term graft failure (hazard ratio [HR]:
1.57, 95% confidence interval [CI]: 1.32–1.86 per log2, p <
0.001), independent of multiple potential confounders like
eGFR, urinary protein excretion, and time after transplanta-
tion. A dose-response relationship was observed over in-
creasing tertiles of copper excretion (HR: 5.03, 95% CI:
2.75–9.19, tertile 3 vs. 1, p < 0.001). u-LFABP was a significant
mediator of this association (74% of indirect effect, p <
0.001). Conclusion: In KTR, urinary protein excretion is
positively correlated with urinary copper excretion. In
turn, higher urinary copper excretion is associated with
an independent increased risk of kidney graft failure, with
a substantial mediating effect through oxidative tubular
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damage. Further studies are warranted to investigate
whether copper excretion-targeted interventions could im-
prove kidney graft survival. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Advances in the care of kidney transplant recipients
(KTR) have led to short-term posttransplantation graft
survival rates higher than 90% [1]. Similar success in
long-term graft survival has not been achieved, and a
vigorous search for potentially modifiable risk factors is
ongoing to improve this outcome. Urinary excretion of
copper has gained attention as one of these factors
because it is increased with enhanced proteinuria, de-
creased estimated glomerular filtration rate (eGFR), and
in patients with acute kidney injury [2–5]. Furthermore,
free copper has the capacity to induce oxidative kidney
tissue damage, potentially further compromising kidney
function [6].

Human copper exposure occurs mainly through diet
and environmental sources [7]. Copper homeostasis is
tightly regulated and hardly affected by mild-to-
moderate increases in copper intake [8]. About
30–50% of ingested copper is absorbed and transferred
to the liver. There, the majority of copper is excreted
through bile. A small amount of copper can be stored in
the liver; or bound to carrier proteins, namely cerulo-
plasmin or albumin, and later secreted into plasma [8].
Under normal conditions, urinary copper excretion is
10–30 µg/24 h, lower than 3% of daily copper intake [3,
9]. However, an impairment of renal function is asso-
ciated with increased urinary copper excretion and
kidney copper load, potentially secondary to increased
single nephron filtration and decreased reabsorption of
its carrier proteins [2, 4].

Copper overload has been proposed to contribute
further to tubular damage and the progression of nephr-
opathy [10–12]. Copper possesses unpaired electrons that
promote and propagate-free radical reactions. It is also
present in important redox enzymes such as cytochrome
oxidase and copper-zinc super oxidase dismutase [13,
14]. This redox activity and the propensity of free copper
ions to participate in the formation of reactive oxygen
species are linked to cellular and tissue injury [6]. Fur-
thermore, copper-related tissue damage has shown to be
to some extent reversible in laboratory fibrosis models,
which described that copper chelation therapy improved
glomerular hypertrophy and cortex fibrosis [11, 15]. This

makes copper an interesting unexplored opportunity for
improving long-term kidney graft survival.

To date, no study has investigated a plausible associ-
ation between posttransplant urinary copper excretion
and the risk of graft failure. In the current study, we
evaluated whether in KTR, increased urinary protein
excretion or decreased eGFR were associated with higher
urinary copper excretion. Next, we hypothesized that
increased copper excretion was associated with kidney
oxidative tubular damage, as measured by the highly
specific biomarker urinary liver-type fatty-acid binding
protein (u-LFABP) excretion [16]. Finally, we tested
whether urinary copper excretion was associated with
the risk of long-term graft failure in KTR.

Materials and Methods

Study Design and Population
In the TransplantLines Food and Nutrition Biobank and

Cohort Study, all adult KTR with a functioning graft for ≥1
year, without a history of addiction or malignancy, who visited
the University Medical Center of Groningen (The Netherlands)
outpatient clinic between November 2008 and May 2011, were
invited to participate. A total of 707 eligible KTR were enrolled
after providing written informed consent. KTR missing baseline
24 h urinary copper measurements (n = 14) were excluded,
resulting in 693 KTR, whose information is presented here. There
were no significant differences in baseline characteristics between
the included KTR and those missing urinary copper excretion
measurements (online suppl. Table 1; for all online suppl. material,
see https://doi.org/10.1159/000531147). The current study was
approved by the Institutional Review Board (METc 2008/186)
and adhered to the Declarations of Helsinki and Istanbul.

Data Collection and Calculations
Baseline clinical data were collected during a visit to the out-

patient clinic. The detailed study protocol has been previously
described [17]. Relevant information regarding medication, donor,
and transplantation were extracted from the electronic patient
records and the Groningen Renal Transplant Database [18].

According to a strict protocol, all KTR were asked to collect a
24 h urine sample the day before they visited the outpatient clinic.
From these samples, urinary copper excretion was measured by
inductively coupled plasma mass spectrometry (ICAP Q instru-
ment, Thermo Fisher Scientific; Waltham, USA) at Synalb (Jena,
Germany). Measurements were conducted following DIN EN ISO
17294-2: 2017-01 [19]. The test has a detection limit of 0.1 µg/L, an
intra-assay variability of 0.3%, and inter-assay variability of 1%.
u-LFABP was measured with an enzyme-linked immunosorbent
assay (human u-LFABP assay kit 96 test; CMIC Holdings Co.,
Japan) [16].

Serum creatinine was determined by using the Jaffe reaction
(MEGA AU510; Merck Diagnostica, Germany), and the eGFR was
calculated by the serum creatinine-based chronic kidney disease
epidemiology collaboration equation. Cumulative prednisolone
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dose was calculated as the sum of the maintenance dose of
prednisolone from transplantation to baseline.

Clinical End Points
The end point of this study was graft failure, defined as a restart

of dialysis or the need for re-transplantation. Patients who died
with a functioning graft were censored at the time of death. The
continuous surveillance system of the outpatient clinic of our
university hospital in close collaboration with affiliated hospitals
ensures updated information on patient status and events of graft
failure as assessed by a nephrologist. Follow-up was performed
until December 2017, resulting in a median follow-up of 8.2
(interquartile range [IQR]: 4.7–8.9) years. General practitioners
or referring nephrologists were contacted when the status of a KTR
was unknown. No patients were lost to follow up.

Statistical Analysis
Data analyses, computations, and graphs were performed with

GraphPad Prism version 7 software (GraphPad Software; San
Diego, CA, USA) and R version 4.0.5 (R Foundation for Statistical
Computing; Indianapolis, IN, USA). For descriptive statistics, data
are presented as mean ± standard deviation (SD), for normally
distributed data and as median (IQR) for variables with a non-
normal distribution. Quantile-quantile plots were used to assess
normality. Categorical data are expressed as number (percentage).
A statistical significance level of p < 0.05 (two-tailed) was used for
all analyses.

Differences at baseline among subgroups of KTR according to
tertiles of urinary copper excretion were tested by one-way AN-
OVA for continuous variables with normal distribution, Mann-
Whitney U test for continuous variables with non-normal distri-
bution, and χ2 test for categorical variables. Linear regression
analyses were performed to assess the association of urinary
protein excretion with urinary copper excretion. Adjustments
were performed for age, sex, body surface area, and eGFR. The
association between urinary copper excretion and u-LFABP was
also tested by linear regression analyses. Adjustment was also
performed for the variables above with the addition of urinary
protein excretion. For regression analyses, urinary copper excre-
tion, urinary protein excretion, and u-LFABP were log2 trans-
formed; therefore, estimated regression coefficients are expressed
per doubling of the variable of interest. Models were checked for
the fulfillment of linear regression assumptions.

Prospective Analyses
The distribution of graft failure among subgroups of KTR

according to tertiles of urinary copper excretion was visualized
by Kaplan-Meier curves, with the difference among curves tested
by the Log-rank test. Furthermore, to visualize the continuous
associations of urinary copper excretion and u-LFABP with the
risk of graft failure, these variables were plotted against the risk of
graft failure, fitted by penalized splines (p-splines), to allow non-
linearity. Next, Cox proportional-hazards regression analyses were
performed by introducing urinary copper excretion as a contin-
uous variable and, to assess dose-response, by contrasting the risk
of being in the middle and higher tertile of urinary copper
excretion against being in the lowest tertile. For these analyses,
the competing risk of death with a functioning graft was accounted
by censoring at the time of death, as previously described [20].
Initial adjustments were made for age, sex, and urinary volume

(model 1). Successive Cox regression models were built in a
forward stepwise fashion to avoid overfitting and keep the number
of predictors proportional to the number of events. Adjustments
were made for body surface area and eGFR (model 2); preemptive
transplantation, time since transplantation, human leukocyte anti-
gen mismatch, living donor, donor age, and donor sex (model 3);
acute rejection treatment, cumulative prednisolone dose, calci-
neurin inhibitor usage, proliferation inhibitor usage (model 4);
u-LFABP, urinary malondialdehyde excretion and high-sensitivity
C-reactive protein (model 5); and urinary protein excretion (mod-
el 6). Models were checked for the fulfillment of Cox regression
assumptions. Results are presented as {hazard ratio (HR) (95%
confidence interval [CI]); p value}.

As secondary analyses, we performed classic mediation analyses
according to Preacher and Hayes [21] to establish whether urinary
copper excretion was a mediator in the known association between
urinary protein excretion and graft failure [22] and whether u-LFABP
mediated the association between urinary copper excretion and graft
failure. As sensitivity analyses, we performed Cox regression analyses
using the reported upper normal value of urinary copper excretion (30
µg/24 h) as a cut-off point [9] and contrasting the risk of graft failure
of KTR above this threshold against the risk of KTR below it.
Adjustment was performed by the models described above. We
also tested the prospective association of urinary copper excretion
with graft failure after the exclusion of patients (i) with eGFR <30mL/
min/1.73 m2, (ii) who developed the outcome in the first year of
follow-up, and (iii) who were outside the −2 and +2 SD of urinary
copper excretion. These analyses were adjusted according to model 2
to avoid overfitting.

Results

Cross-Sectional Analyses at Baseline
The baseline characteristics of the study population are

presented in Table 1. In total, 693 KTR (57% males, age
53 ± 13 years old) were included in the analyses. Median
(IQR) urinary copper excretion was 23.57 (15.86–37.13)
µg/24 h. The mean eGFR was 52 ± 20 mL/min/1.73 m2,
and the median 24 h urinary protein excretion was 0.20
(0.02–0.38) g. Compared to the lowest tertile of urinary
copper excretion, KTR in the highest tertile were less
often male (p = 0.03), had higher body surface area (p =
0.04), lower eGFR (p < 0.001), higher urinary protein
excretion (p < 0.001), and urinary volume (p < 0.001).
KTR on the highest tertile of urinary copper excretion
also had higher urinary excretion of u-LFABP (p < 0.001)
and malondialdehyde (p < 0.001). In addition, they less
frequently received a kidney from a living donor (p =
0.02) and had higher plasma concentrations of pro-
inflammatory markers, such as leukocyte count (p =
0.03) and high-sensitivity C-reactive protein (p = 0.01).

In linear regression analyses, urinary protein excre-
tion was associated with urinary copper excretion (Std.
β = 0.39, p < 0.001), independent of age, sex, body
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surface area, and eGFR. Among KTR with proteinuria,
urinary copper excretion was significantly higher than
among KTR without proteinuria (20.14 [14.65–30.20]
vs. 39.91 [27.07–56.84] µg/24 h, p < 0.001). Urinary
copper excretion was also associated with u-LFABP
excretion (Std. β = 0.29, p < 0.001; shown in online

suppl. Fig. 1), independent of the variables mentioned
above and urinary protein excretion. Graphical analyses
of the association of u-LFABP against the risk of graft
failure as fitted by p-splines, revealed that patients with
relatively higher u-LFABP had also a higher risk of graft
failure (shown in online suppl. Fig. 2).

Table 1. Baseline characteristics of study population by tertiles of urinary copper excretion

Baseline characteristics Overall KTR Tertiles of urinary copper excretionπ p
value¥

tertile 1 tertile 2 tertile 3

N 693 231 231 231 ―
Urinary copper excretion, µg/24 h 23.57 (15.86‒

37.13)
13.71 (11.32‒
15.87)

23.57 (20.34‒
26.46)

45.20 (37.05‒
66.04)

―

Demographic and anthropometric
Age, years 53±13 53±13 53±12 53±13 0.83
Sex (male), n (%) 394 (57) 138 (60) 141 (61) 115 (50) 0.03
Body surface area, m2 1.94±0.22 1.92±0.22 1.97±0.20 1.94±0.22 0.04

Kidney allograft function
eGFR, mL/min/1.73 m2a 52±20 58±18 52±22 47±20 <0.001
Urinary protein excretion, g/24 h 0.20 (0.00–0.38) 0.00 (0.00–0.22) 0.22 (0.00–0.35) 0.31 (0.00‒0.94) <0.001
Urinary volume, mL/24 h 2,439±799 2,230±617 2,419±743 2,667±943 <0.001

Urinary biomarkers of oxidative tubular damage and oxidative stress
u-LFABP excretion, µg/24 hb 2.12 (0.92‒7.52) 1.21 (0.62‒2.08) 3.13 (1.11‒8.54) 5.75 (1.53 ‒20.73) <0.001
Urinary malondialdehyde
excretion, µmol/24 hc

9.70 (5.87‒15.7) 9.03 (5.35‒13.6) 9.39 (5.70–15.4) 11.5 (7.34‒17.9) <0.001

Kidney transplant characteristics
Preemptive transplantation, n (%) 106 (15) 44 (19) 28 (12) 34 (15) 0.11
Time since transplantation, years 5.39 (1.97‒12.04) 5.64 (1.95‒11.28) 5.39 (2.15‒12.02) 5.13 (1.64‒12.16) 0.62
Acute rejection, n (%) 185 (27) 56 (24) 67 (29) 62 (27) 0.51
HLA class I antibodies positive, n (%) 106 (15) 28 (12) 35 (15) 43 (19) 0.15
HLA class II antibodies positive, n (%) 120 (17) 35 (15) 38 (17) 47 (20) 0.31

Kidney donor characteristics
Living donor, n (%) 234 (34) 94 (41) 68 (29) 72 (31) 0.02
Age, yearsd 43±15 43±15 42±16 44±15 0.61
Sex (male), n (%)e 350 (51) 122 (53) 113 (49) 115 (50) 0.84

Immunosuppressive therapy
Cumulative prednisolone dose, g 18.6 (7.6‒37.2) 18.6 (7.6‒34.1) 19.0 (7.8‒39.1) 18.5 (7.1‒38.5) 0.92
Use of calcineurin inhibitor, n (%) 397 (57) 138 (60) 125 (54) 134 (58) 0.46
Use of proliferation inhibitor, n (%) 573 (83) 196 (85) 189 (82) 188 (81) 0.56

Cardiovascular history and lifestyle
Systolic blood pressure, mm Hga 136±18 133±16 136±18 138±19 0.06
Diastolic blood pressure, mm Hga 82±11 81±11 83±11 83±11 0.22
Glycated hemoglobin, %f 5.8 (5.5‒6.2) 5.8 (5.5‒6.2) 5.9 (5.5‒6.3) 5.8 (5.4‒6.1) 0.82
Alcohol intake >30 g/day, n (%)g 30 (4) 14 (6) 4 (2) 12 (5) 0.06
Current smoker, n (%)h 81 (12) 22 (10) 34 (15) 25 (11) 0.20

Inflammation
Leukocyte count, 109/Li 8.13±2.62 7.7±2.32 8.40±2.62 8.21±2.86 0.03
High-sensitivity C-reactive protein, mg/Lj 1.6 (0.7‒4.6) 1.3 (0.6‒3.5) 1.7 (0.8‒4.7) 1.9 (0.8‒5.5) 0.01

πTertile 1: <18.32 µg/24 h. Tertile 2: 18.32‒30.84 µg/24 h, Tertile 3: >30.84 µg/24 h. ¥Differences were tested by ANOVA for
continuous variables with normal distribution, Kruskal-Wallis test for continuous variables with non-normal distribution, and by χ2
test for categorical variables. Data available in a690, b629, c692, d674, e677, f664, g631, h647, i691, and j650 patients. KTR, kidney
transplant recipients; eGFR, estimated glomerular filtration rate; u-LFABP, urinary liver-type fatty-acid binding protein; HLA, human
leukocyte antigen.
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Prospective Analyses
During follow-up, 109 (16%) KTR developed graft fail-

ure. The most frequent cause was chronic rejection (75%)
followed by recurrence of the primary disease (8%; online
suppl. Table 2). Kaplan-Meier curves by tertiles of KTR
according to urinary copper excretion are shown in
Figure 1. In total, graft failure occurred in 13 (6%), 39
(17%), and 57 (25%) of KTR in the first, second, and third
tertile of copper excretion, respectively (plog-rank <0.001). In
agreement, graphical analyses of the association of urinary
copper excretion against the risk of graft failure as fitted by
p-splines, revealed that patients with relatively higher uri-
nary copper excretion had also a higher risk of graft failure
(shown in online suppl. Fig. 2). Cox regression analyses
revealed that higher urinary copper excretion was associated
with a higher risk of graft failure (HR: 1.57 [95% CI: 1.32‒
1.86] per log2; p < 0.001). This association remained sig-
nificant after adjustment for age, sex, urinary volume, eGFR,
and body surface area. Further adjustment for transplant-
related characteristics, immunosuppressive therapy, inflam-
mation and oxidative stress biomarkers, and urinary protein
excretion did not materially affect the association. Consis-
tently, being in the highest tertile of urinary copper ex-
cretion when compared to the lowest tertile was associated
with a five-fold increased risk of death-censored graft failure
(HR: 5.03 [95% CI = 2.75‒9.19]; p < 0.001), also independ-
ent of adjustments by potential confounders (Table 2).

Mediation Analyses
We tested the mediation of urinary copper excretion in

the association between urinary protein excretion and

graft failure and of u-LFABP in the association between
urinary copper excretion and graft failure (shown in
Fig. 2). We found that urinary copper excretion mediated
8% of the association between urinary protein excretion
and graft failure (total effect β = 0.34 [95% CI =
0.26–0.41], indirect effect β = 0.03 [95% CI =
0.002–0.05]; pindirect effect = 0.03). u-LFABP mediated
74% of the association between urinary copper excretion
and graft failure (total effect β = 0.23 [95% CI =
0.14–0.31], indirect effect β = 0.17 [95% CI =
0.12–0.11]; pindirect effect <0.001).

Sensitivity Analyses
In sensitivity analyses, consistent with our primary

analyses, KTR with a urinary copper excretion higher
than 30 µg/24 h had a two-fold risk of long-term graft
failure when compared to KTR with a urinary copper
excretion below this threshold (HR: 2.44 [95% CI = 1.68‒
3.57]; p < 0.001), independent of adjustments by potential
confounders (online suppl. Table 3). Furthermore, uri-
nary copper excretion remained associated with the risk
of graft failure after the exclusion of patients (i) with
eGFR <30 mL/min/1.73 m2 (HR: 1.56 [95% CI = 1.25‒
1.95] per log2; p < 0.001), (ii) who presented the outcome
within the first year of follow-up (HR: 1.46 [95%CI: 1.19‒
1.79] per log2; p < 0.001) and (iii) patients outside the −2
and +2 SD of urinary copper excretion (HR: 1.66 [95%
CI = 1.27‒2.18] per log2; p < 0.001; online suppl. Table 4).

Discussion

In a large cohort of outpatient KTR, urinary protein
excretion was associated with increased urinary copper
excretion. In turn, urinary copper excretion was associ-
ated with increased oxidative tubular damage as assessed
by u-LFABP. Moreover, relatively higher urinary copper
excretion was independently associated with a higher risk
of long-term graft failure. Urinary copper excretion
mediated the association of urinary protein excretion
with graft failure, and oxidative tubular damage mediated
the association of urinary copper excretion with graft
failure. Our findings align with previous studies that
showed an increased urinary copper excretion during
impaired renal function, especially if proteinuria is
present [2–5]. Moreover, these findings highlight the
suggested potential role of urinary copper overload as
an enhancer of oxidative tubular damage [10–12]. To our
knowledge, this is the first study to investigate the con-
sequences of this in the kidney posttransplantation
setting.

Fig. 1.Kaplan-Meier curves for graft failure according to tertiles of
urinary copper excretion in KTR. Tertile 1: <18.32 µg/24 h; tertile
2: 18.32‒30.84 µg/24 h; tertile 3: >30.84 µg/24 h. In total, 109 KTR
developed graft failure (Tertile 1: 13, Tertile 2: 39, Tertile 3: 57). p
value was calculated by Log-rank (Mantel-Cox) test. KTR, kidney
transplant recipients.
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Copper is present at low concentrations in fluids and
tissues [23]. It is obtainedmainly through diet or environ-
mental exposure [7]. Copper-rich food includes shellfish,
whole grains, beans, and nuts [24]. In healthy individuals,
urinary copper excretion is very low, accounting for less
than 3% of the daily copper intake since it is mainly
bound to proteins that do not cross the glomerular
membrane or are reabsorbed in the tubules [4]. However,
several studies have found that urinary copper excretion
increases when renal function is impaired. Yang et al. [2]
described this phenomenon in a large population cohort,
in which urinary copper was shown to be inversely
associated with eGFR. Also, multiple studies have shown
an increase in urinary copper in patients with chronic
kidney disease and microalbuminuria compared to pa-
tients without microalbuminuria [4]. In our cohort,
urinary protein excretion was significantly associated
with urinary copper excretion. Furthermore, KTR with
proteinuria had significantly higher values of urinary
copper excretion when compared to KTR without pro-
teinuria and higher values than those previously reported
for healthy individuals [3, 9]. This augmented copper
excretion is proposed to be caused by increased protein
filtration, including copper carriers, when the glomerular
membrane is affected [2]. Noteworthy, this association
was independent of adjustment by eGFR, implying that in
KTR, decreased graft function is not necessary for an
increase in urinary copper excretion. Furthermore,

urinary copper excretion mediated the known association
between urinary protein excretion and the risk of kidney
graft failure [22, 25]. Suggesting that an increase in copper
filtration when proteinuria is present could be one of the
pathophysiological mechanisms by which proteinuria
contributes to the progression of nephropathy.

We found that urinary copper excretion is independ-
ently associated with the risk of long-term graft failure in
KTR. Copper possesses unpaired electrons that make it
prone to participate in redox reactions. Therefore, under
conditions of copper overload, there is more propagation
of reactive oxygen species and lipid peroxidation [10–14].
KTR in the highest tertile of urinary copper excretion also
had higher urinary excretion of oxidative stress bio-
markers, e.g., malondialdehyde, and we found a positive
independent association between posttransplantation
urinary copper excretion and the biomarker of tubular
oxidative injury u-LFABP. Importantly, u-LFABP medi-
ated the association between urinary copper excretion
and graft failure. u-LFABP is an intracellular lipid chap-
eron that, in the kidney, is only present in the proximal
tubule. u-LFABP function is to eliminate lipid peroxides
by transferring them to the lumen, and its synthesis is
upregulated in the presence of oxidative challenge. There-
fore, in this scenario, u-LFABP urinary excretion also
increases [26, 27]. These findings support the theory that
copper can induce cellular toxicity and oxidative tissue
injury [10–12]. Additionally, fibrotic kidneys possess a

Table 2. Association between urinary copper excretion and graft failure in KTR

Urinary copper excretion distribution Urinary copper excretion,
per log2

tertile 1 tertile 2 tertile 3

Ref HR 95% CI p value HR 95% CI p value HR 95% CI p value

Crude Ref 3.13 1.67‒5.86 <0.001 5.03 2.75‒9.19 <0.001 1.57 1.32‒1.86 <0.001
Model 1 Ref 3.28 1.75‒6.14 <0.001 5.92 3.20‒10.93 <0.001 1.62 1.37‒1.92 <0.001
Model 2 Ref 2.15 1.13‒4.07 0.02 3.35 1.78‒6.29 <0.001 1.44 1.18‒1.75 <0.001
Model 3 Ref 2.87 1.52‒5.44 <0.001 5.20 2.79‒9.73 <0.001 1.64 1.36‒1.98 <0.001
Model 4 Ref 3.45 1.83‒4.48 <0.001 6.36 3.43‒11.82 <0.001 1.62 1.37‒1.92 <0.001
Model 5 Ref 3.60 1.82‒7.13 <0.001 5.72 2.89‒11.33 <0.001 1.49 1.23‒1.82 <0.001
Model 6 Ref 3.09 1.65‒5.80 <0.001 3.98 2.11‒7.53 <0.001 1.27 1.03‒1.57 0.03

In total, 109 KTR developed graft failure (tertile 1: 13, tertile 2: 39, tertile 3: 57). Multivariable Cox
regression analyses were performed. Model 1: adjustment for age, sex, and urinary volume. Model 2: model 1
+ body surface area and estimated glomerular filtration rate. Model 3: model 1 + preemptive transplantation,
time since transplantation, human leukocyte antigen mismatch, living donor, donor age, and donor sex.
Model 4: model 1 + acute rejection treatment, cumulative prednisolone dose, calcineurin inhibitor usage,
proliferation inhibitor usage. Model 5: model 1 + urinary liver-type fatty-acid binding protein, urinary
malondialdehyde excretion, and high‒sensitivity C‒reactive protein. Model 6: model 1 + urinary protein
excretion. KTR, kidney transplant recipients; HR, hazard ratio; CI, confidence interval.
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reduced concentration of copper-related defenses,
namely metallothionein [28], an intracellular metal-
binding protein that protects tissues from oxidative stress
[8]. Importantly, the damage caused by copper overload
appears reversible to some extent. Animal and laboratory
model studies that tested the effect of copper-specific
chelation therapy on diabetic nephropathy showed an
improvement after treatment in albumin/creatinine ratio,
glomerular hypertrophy, and the presence of fibrosis
markers in the kidney cortex [11, 15, 29].

The current study comprises a large cohort of out-
patient extensively phenotyped KTR, which allowed ad-
justment for several potential confounders. Furthermore,
all study subjects were closely monitored, without losses
to follow-up. On the other hand, this is a single-center
study and we did not possess repeated measurements of
urinary copper excretion. However, previous studies
suggest that accounting for intraindividual variability
of biomarkers increases their predictive properties.
Therefore, the higher the intraindividual variation of

urinary copper excretion would be, the bigger the ex-
pected benefit of repeatedmeasurements in strengthening
the association we describe in this study [30]. Next, as
with any observational study, a causal relationship be-
tween urinary copper excretion, tubular damage, and
graft failure cannot be established. Urinary copper ex-
cretion could merely be a marker of disease progression.
However, multiple studies support the idea of a direct
harming effect of copper on kidney tissue [6, 11]. As with
any observational study, unmeasured confounding may
occur, despite the substantial number of potentially con-
founding variables for which we adjusted in our analyses.

In conclusion, in outpatient KTR, an increased urinary
protein excretion is associated with enhanced copper
excretion. In turn, urinary copper excretion associates
with a higher risk of long-term graft failure, possibly
through the induction of oxidative tubular damage. This
is the first study to describe a relationship between
posttransplantation urinary copper overload and kidney
graft failure. Further studies are warranted to assess

a

b

Fig. 2. Mediation analyses. We tested the
potential mediation of (a) urinary copper
excretion in the association between uri-
nary protein excretion and graft failure and
(b) u-LFABP in the association between
urinary copper excretion and graft failure.
The indirect effect is calculated as a*b, and
the total effect is calculated as a*b + c’.
Confidence intervals for the indirect and
total effects are corrected after running
2,000 bootstrap samples. The magnitude
of mediation is calculated as the indirect
effect divided by the total effect. u-LFABP,
urinary liver-type fatty-acid binding
protein.
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whether copper excretion-targeted interventions repre-
sent a potential strategy for improving long-term graft
survival in KTR, particularly among those with
proteinuria.
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