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Background: Serum uric acid (SUA) is associated with fasting glucose in healthy subjects, and prospective
epidemological studies have shown that elevated SUA is associated with increased risk of type 2 diabetes.
Whether SUA is independently associated with higher risk of posttransplantation diabetes mellitus (PTDM) in
kidney transplant recipients (KTR) remains unknown.
Methods:We performed a longitudinal cohort study of 524 adult KTR with a functioning graft ≥1-year, recruited
at a university setting (2008–2011). Multivariable-adjusted Cox proportional-hazards regression analyses were
performed to assess the association between time-updated SUA and risk of PTDM (defined according the
American Diabetes Association's diagnostic criteria).
Results: Mean (SD) SUA was 0.43 (0.11) mmol/L at baseline. During 5.3 (IQR, 4.1–6.0) years of follow-up, 52
(10%) KTR developed PTDM. In univariate prospective analyses, SUA was associated with increased risk of
PTDM (HR 1.75, 95% CI 1.36–2.26 per 1-SD increment; P < 0.001). This finding remained materially unchanged
after adjustment for components of the metabolic syndrome, lifestyle, estimated glomerular filtration rate, im-
munosuppressive therapy, cytomegalovirus and hepatitis C virus infection (HR 1.89, 95% CI 1.32–2.70; P =
0.001). These findingswere consistent in categorical analyses, and robust in sensitivity analyseswithout outliers.
Conclusions: In KTR, higher SUA levels are strongly and independently associated with increased risk of PTDM.
Our findings are in agreement with accumulating evidence supporting SUA as novel independent risk marker
for type 2 diabetes, and extend the evidence, for the first time, to the clinical setting of outpatient KTR.

© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Kidney transplantation is the preferred treatment for end-stage kid-
ney disease because it offers better survival and quality of life at lower
costs than the alternative of dialysis [1,2]. It is, however, not exempt of
complications. Posttransplantation diabetes mellitus (PTDM) is one of
the main metabolic disorders following kidney transplantation. Its inci-
dence ranges widely between 2\\50% [3], progressively increasing after
the first year posttransplantation [4]. PTDM associates with a general
poor prognosis for kidney transplant recipients (KTR), contributing to
Rate; KTR, kidney transplant
UA, serum uric acid.
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increased risk of graft failure, cardiovascular complications and overall
mortality [5–8]. Important risk factors for PTDM include maintenance
immunosuppressive therapy, obesity, metabolic syndrome and cyto-
megalovirus and hepatitis C virus infections [9–11].

Similar to type 2 diabetes, PTDM is characterized by insulin resis-
tance and pancreatic β cell dysfunction [10,12]. Also similar to type 2
diabetes, oxidative stress and chronic low-grade inflammation have
been proposed to play an important role in pathophysiological mecha-
nisms underlying development of PTDM in KTR [13–15]. Although
kidney transplantation aims to restore kidney function, it incompletely
abolishes ongoing chronic low-grade inflammation, oxidative stress
and impaired metabolic homeostasis [16]. In outpatient KTR, several
factors inherent to this clinical setting, including chronic use of calcine-
urin inhibitors and corticosteroid therapy, andwell-documented eleva-
tion of serum uric acid (SUA), contribute to perpetuate redox imbalance
and low grade of systemic inflammation [16–20], all converging to
resemblance of the type 2 diabetes milieu.
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Indeed, hyperuricemia (defined as SUA >0.42 mmol/L or >7.0 mg/
dL in men and >0.36 mmol/L or >6.0 mg/dL in women) is a common
metabolic disorder following kidney transplantation [21]. Interestingly,
different metabolic pathways have been proposed between uric acid,
insulin resistance and hepatic gluconeogenesis in general population-
based studies [22–25]. Additionally, a growing body of evidence, includ-
ing prospective cohort studies, show that hyperuricemia is associated
with the development of type 2 diabetes independently of other risk
factors [26–28]. In line, it has recently been shown that decrease in
SUA is associated with lower age-related worsening of fasting plasma
glucose and systolic blood pressure in a general population-based
study [29]. Reduction in SUA has also been associated with pleiotropic
effects, including improvement of redox imbalance and endothelial dys-
function [22,30,31]. SUA has been proposed as a new therapeutic target
for type 2 diabetes [28], which could also have therapeutic potential in
the clinical setting of outpatients KTR.

Since both assessment and treatment of hyperuricemia are widely
available and inexpensive, SUAmay be an interesting and novel risk fac-
tor for PTDM, with foreseeable impact in clinical practice. However, the
association of SUA with risk of PTDM in KTR remains unexplored. The
current study was initiated to test the extent to which SUA is indepen-
dently associated with increased risk of PTDM in outpatient KTR.

2. Material and methods

2.1. Study population

BetweenNovember 2008 andMarch 2011, all adult KTRwith a func-
tioning allograft ≥1-year, visiting the outpatient clinic of the University
Medical Center Groningen (theNetherlands)were invited to participate
in the TransplantLines Food and Nutrition Biobank and Cohort Study, as
described previously [32]. A total of 707 of 817 (87%) eligible KTR signed
informed consent. Patients with diabetes or a history of diabetes at
baseline (n = 183) were excluded from the current analyses, resulting
in 524 KTR, of whom data are hereby presented (a flowchart is shown
in Supplemental Fig. 1). The studyprotocol has been approved by the in-
stitutional review board (METc 2008/186) and was conducted in accor-
dance with the Declaration of Helsinki.

2.2. Posttransplantation diabetes mellitus

The primary end-point of this study was PTDM, which was diag-
nosed according to the American Diabetes Association criteria, when
at least one of the following criteria was met: 1) symptoms of diabetes
(e.g., polyuria, polydipsia, unexplained weight loss) plus a nonfasting
plasma glucose concentration ≥ 11.1 mmol/L (200 mg/dL), 2) fasting
plasma glucose (FPG) ≥7.0 mmol/L (126mg/dL), 3) start of antidiabetes
medication, or 4) plasma HbA1c ≥6.5% (48 mmol/mol) [33,34]. KTR
were censored for PTDM at the time of graft failure (i.e., they returned
to dialysis or received another transplantation, n = 54) or death (n =
62). The surveillance systemof the outpatient programat our university
hospital ensures updated information on patient status and events.
Within this system, patients visited the outpatient clinic with declining
frequency, in accordance with the guidelines of the American Society of
Transplantation [35]. The end-point was 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.

2.3. Data collection and definitions

Medical and transplantation history as well as medication use were
extracted from electronic patient records. According to a strict protocol,
all patients were asked to collect a 24 h urine specimen during the day
before to their visit at the outpatient clinic. Blood was drawn in the
morning after completion of the 24h urine collection. Themeasurement
2

of clinical and laboratory parameters has been described in detail [36].
Serum concentrations of uric acid were measured with the Merck
Mega clinical chemistry analyzer with the uricase PAP (peroxidase-
aminophenazone) method, with an intra- and interassay coefficient of
variation of 1.1% and 1.3%, respectively. Information on alcohol con-
sumption and smoking behavior was obtained by questionnaire [37].
History of diabetes was defined as the use of antidiabetic medication
or a fasting blood glucose ≥7.0 mmol/L. Estimated glomerular filtration
rate (eGFR)was calculated using the Chronic KidneyDisease Epidemiol-
ogy Collaboration equation [38].

2.4. Statistical analyses

Data analyses were performed by using SPSS 27.0 for Windows
(IBM, Chicago, Illinois, USA), GraphPad Prism 7.02 software (GraphPad
Software Inc., San Diego, CA, USA), and R version 3.2.3 (R Foundation
for Statistical Computing, Vienna, Austria). Baseline characteristics of
study subjects are described overall the study population and by sub-
group of patients according to tertiles and sex-specific tertiles of SUA
distribution. Normally distributed variables are described as mean
(SD), and skewed variables as median (IQR). Categorical variables are
expressed as n (number) with percentage (%). Differences were studied
with the chi-squared test for categorical variables and by means of lin-
ear regression analyses for continuous variables. A two-sided P value
<0.05 was considered significant.

2.5. Prospective analyses

In prospective analyses of the primary end-point PTDM, a Kaplan-
Meier curve and a log-rank test were performed to study whether the
distribution of events was significantly different by subgroups of KTR
according to tertiles of SUA concentration. The association of SUA with
risk of PTDM was further examined by means of Cox proportional-
hazards regression analyses, inwhich SUAwas standardized to estimate
regression coefficients per 1-SD relative increment. In these analyses,
the competing risk of death was taken into account by performing anal-
yses according to the proportional cause-specific hazards model ap-
proach, which allows estimation of regression parameters that directly
quantify hazard ratios among those individuals who are actually at
risk of developing the event of interest [39–41], which needs to be dis-
tinguished from the sub-distribution hazards model approach (pro-
posed by Fine and Gray) [42], in which subjects who experience a
competing event (e.g., death) remain in the risk set, although they are
in fact no longer at risk of the event of interest (i.e., posttransplant dia-
betes). For these analyses, we used baseline and time-updated mea-
surements of SUA as available during follow-up visits to the outpatient
clinic. Thus, to calculate of the regression coefficients in time-updated
analyses, each time we used the most recent SUA measurement, as
available previous to the event, censoring or end of follow-up, i.e., at a
median of 3.0 (interquartile range, 2.1\\3.7) years after enrollment. As-
sociations are shown with SUA as a continuous variable and according
to tertiles and sex-specific tertiles of the SUA distribution. Schoenfeld
residuals were calculated to assess whether proportionality assump-
tions were satisfied. We entered the quadratic and cubic terms of SUA
with the linear term to assess the presence of nonlinear relationships.
To illustrate the association of SUA with risk of PTDM, data were fitted
using median SUA concentration as reference value.

To study the effect of potential confounders, several Cox regression
models were fitted to the data. We performed adjustment for age, sex,
body mass index, high-sensitivity C-reactive protein, and gout medica-
tion in model 1. Subsequently, additive adjustments were performed
for components of the metabolic syndrome (waist circumference,
fasting plasma glucose, glycated hemoglobin, blood pressure, triglycer-
ides, and high-density lipoprotein cholesterol) in model 2; lifestyle
(smoking status, alcohol consumption, physical activity, total energy in-
take, and fruit and vegetable consumption) in model 3; dialysis vintage,
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transplant vintage, eGFR, and proteinuria, in model 4; cytomegalovirus
infection, hepatitis C virus infection, and immunosuppressive therapy,
in model 5.

2.6. Effect-modification analyses

In adherence with international recommendations for analyses and
reporting of observationsl studies, in secondary analyses, potential
effect-modification on risk of PTDM by age, sex, body mass index,
eGFR, fasting glucose, and immunosuppressive therapy were tested by
fitting models containing both main effects and their cross product
terms [43,44]. Pinteraction < 0.05 was considered to indicate significant
effect-modification. We then performed correction for multiple testing
by means of the Bonferroni method. Because we have investigated po-
tential effect-modification for 6 variables, the corrected threshold
based on the false discovery rate level of 0.05 was 0.05/6 = 0.008.
This Bonferroni-adjusted significance threshold (Pinteraction < 0.008)
was considered to justify stratified analyses.

2.7. Sensitivity analyses

We identified SUA outliers by using Turkey's fences [45], according
to the formula: [Q1 – k (IQR), Q3 + k (IQR)]; in which k is 1.5 for all out-
liers, Q1 is the lower quartile and Q3 is the upper quartile. For prospec-
tive analyses without outliers, we used Cox regression models
analogous to the overall prospective analyses. Estimates are shown for
patients pertaining to tertile 3 of SUA distribution in relation to patients
pertaining to tertile 1 (reference group).

3. Results

3.1. Baseline characteristics

We included 524 KTR (52 ± 13 years-old, 57% male). Mean eGFR
was 52 ± 23 mL/min/1.73 m2. Mean (SD) SUA was 0.43 (0.11) mmol/
L. Detailed description of baseline characteristics by tertiles and sex-
specific tertiles of SUA distribution is presented in Table 1 and Supple-
mental Table 1, respectively. Significant differences across tertiles of
SUA were observed with a positive trend over increasing tertiles for
male sex, body mass index, proteinuria, diastolic blood pressure, use
of antihypertensive medication, high-sensitivity C reactive protein,
fasting plasma glucose, total cholesterol, low-density lipoprotein cho-
lesterol, triglycerides, and use of cyclosporine. A negative trend over in-
creasing tertiles of SUA were observed for eGFR, high-density
lipoprotein cholesterol, and living donation.

3.2. Serum uric acid and risk of PTDM

During a median follow-up of 5.3 (IQR, 4.1–6.0) years, 52 KTR (10%)
were diagnosed with PTDM, with a significantly different distribution
across increasing tertiles of SUA (P = 0.02). A Kaplan-Meier curve for
PTDMaccording to tertiles of SUAdistribution is shown in Fig. 1, and ac-
cording to sex-specific tertiles of SUA in Supplemental Fig. 2. In Cox re-
gression analyses, among those patients who did not (yet) experience
the event of interest or a competing event, unadjusted baseline SUA
was associated with risk of PTDM (HR 1.47, 95% CI 1.13–1.90 per 1-SD
increment; P = 0.004), and we consistently found that patients in the
highest tertile of baseline SUA were at higher risk of PTDM (HR 2.55,
95% CI 1.24–5.26) compared to patients in the lowest tertile (Supple-
mental Table 2). These findings remained consistent in analyses of
sex-specific tertiles of SUA (Supplemental Table 3). In analyses with
time-updated SUA, we observed that the association of SUA with
PTDM was of higher magnitude compared to analyses using baseline
SUA (Table 2). These findings remained consistent in analyses of time-
updated sex-specific tertiles of SUA (Supplemental Table 4). In each of
these approaches, we found that the association of SUA with PTDM
3

remained materially unchanged after accounting for components of
the metabolic syndrome, lifestyle, eGFR, and transplant-related factors,
including cytomegalovirus and hepatitis C virus infection, and immuno-
suppressive therapy. The multivariable-adjusted association of SUA
with risk of PTDM (A) in the overall study population and (B) after ex-
clusion of 3 outliers, using Cox regression analyses with median SUA
(0.42mmol/L) as reference, and in relation to the histogramof SUA is vi-
sualized in Fig. 2.

3.3. Effect-modification analyses

Weobserved no effect-modification on PTDMby age, sex, bodymass
index, eGFR, fasting glucose, and immunosuppressive therapy
(Pinteraction > 0.05 for all).

3.4. Sensitivity analyses

In sensitivity analyses with exclusion of all outliers (n = 3, SUA
>0.73 mmol/L) from the third tertile, SUA remained significantly asso-
ciated with risk of PTDM (HR 2.98, 95% CI 1.46–6.07). This finding
remained materially unchanged in further multivariable-adjusted anal-
yses (Table 2; Fig. 2).

4. Discussion

Our results consistently show that higher SUA concentrations are as-
sociated with increased risk of PTDM, independently of components of
the metabolic syndrome, lifestyle, eGFR, and transplant-related
variables including immunosuppressive therapy, cytomegalovirus and
hepatitis C virus infections. The association was particularly strong in
time-updated SUA analyses and robust in analyses with exclusion of
outliers. These results suggest that SUA is an independent risk marker
for PTDM in KTR, pointing toward the need for further evaluatingpoten-
tial underlying mechanisms linking uric acid with increased risk of
PTDM. These findings may pave the way toward a novel therapeutic
strategy for PTDM potentially based on timely management of SUA ele-
vations in outpatient KTR.

Our findings are consistentwith previous studies in the general pop-
ulation reporting that relatively high SUA is associated with increased
risk of type 2 diabetes [26,27]. In the Rotterdam Study, van der Schaft
et al. reported that SUAwas positively associated with incidence of pre-
diabetes in individuals with normoglycemia [46]. Two previous meta-
analyses showed that every 1 mg/dL (0.0595 mmol/L) increase in SUA
results in an increased risk of 6% to 11% for type 2 diabetes [27,47].
Moreover, hyperuricemia was reported to be a strong predictor of inci-
dent type 2 diabetes during 5-years of follow-up in an Asian population
[48]. Previous studies have reported that higher SUA and use of antigout
medication\\which may be representative of higher SUA\\are associ-
ated with PTDM [11,49]. Chakkera et al. found that, among 37 individ-
uals who used gout medication before transplantation, 43% developed
PTDM during the first year posttransplantation [49]. The authors em-
phasized that SUA and gout medication have been identified as risk fac-
tors for type 2 diabetes but have not been reported as risk factors for
PTDM. Our study is in line with previous findings on the association of
SUA with type 2 diabetes, and extends those findings for the first time
to the clinical setting of outpatient KTR.

Although kidney transplantation aims to recover kidney function, it
incompletely mitigates mechanisms of disease such as inflammation,
oxidative stress and impairedmetabolic homeostasis [16]. In the current
study, we found that most patients had hyperuricemia, which is in line
with previous studies [21,50]. On the basis that about 70% of SUA is
eliminated by the kidneys, these datamay indicate that intestinal secre-
tion of uric acid is not sufficient to compensate excess SUA in KTR [51]. It
has also been proposed that beyond impaired kidney function, hyper-
uricemia may be related to maintenance use of immunosuppressive
agents [52,53]. Calcineurin inhibitors, specifically, have been associated



Table 1
Baseline characteristics of 524 KTR, overall and by tertiles of serum uric acid.

Baseline characteristics Overall Tertiles of serum uric acid P value

Tertile 1 Tertile 2 Tertile 3

Uric acid, mmol/L 0.43 (0.11) 0.31 (0.05) 0.42 (0.03) 0.55 (0.07) –
Gout medication use, n (%) 46 (9) 13 (7) 16 (9) 17 (10) 0.70

Demographics and allograft function
Age, years 52 (13) 51 (14) 51 (13) 52 (13) 0.41
Sex (male), n (%) 299 (57) 77 (44) 114 (64) 108 (64) <0.001
Ethnicity (Caucasian), n (%) 521 (99) 173 (99) 179 (100) 169 (99) 0.36
Body mass index, kg/m2 26.0 (4.4) 25.2 (4.1) 26.0 (4.3) 26.7 (4.6) <0.001
Waist circumference, cms 96.4 (14.0) 93.0 (14.0) 97.3 (14.8) 99.0 (12.5) <0.001
eGFR, mL/min/1.73 m2 52 (23) 69 (22) 48 (20) 38 (16) <0.001
Proteinuria, ≥0.5 g/24 h, n (%) 110 (21) 21 (12) 45 (25) 44 (26) 0.002

Cardiovascular history and lifestyle
Systolic blood pressure, mmHg 135 (17) 134 (16) 134 (17) 137 (18) 0.10
Diastolic blood pressure, mmHg 83 (11) 81 (11) 82 (11) 84 (11) 0.02
Use of antihypertensive medication, n (%) 454 (87) 134 (77) 159 (89) 161 (95) <0.001
Current smoker, n (%) 67 (13) 15 (9) 25 (14) 27 (16) 0.14
Alcohol consumption 0.58
0–10 g/day, n (%) 340 (65) 120 (69) 113 (63) 107 (63)
10–30 g/day, n (%) 109 (21) 34 (19) 37 (21) 38 (22)
≥30 g/day, n (%) 25 (5) 5 (3) 10 (6) 10 (6)
Physical activity, time ∗ intensity, median (IQR) 5520 (2585−8513) 5160 (2760−7140) 5800 (3150−9240) 5685 (1800−9255) 0.99
Energy intake, kcal/day 2188 (618) 2186 (582) 2218 (684) 2158 (582) 0.83
Fruit consumption, g/day, median (IQR) 123 (58–232) 132 (77–239) 109 (49–227) 120 (66–232) 0.36
Vegetable consumption, g/day, median (IQR) 90 (52–132) 91 (59–122) 82 (47–135) 91 (52–135) 0.91

Inflammation, glucose and lipids
hs-CRP, mg/L, median (IQR) 1.4 (0.6–3.8) 1.2 (0.5–3.5) 1.4 (0.7–3.9) 1.6 (0.7–4.6) 0.03
Fasting plasma glucose, mmol/L 5.2 (0.6) 5.1 (0.6) 5.2 (0.6) 5.3 (0.7) 0.02
HbA1c, % 5.7 (0.4) 5.7 (0.3) 5.7 (0.4) 5.7 (0.4) 0.92
Total cholesterol, mmol/L 5.1 (1.1) 5.0 (1.0) 5.1 (1.1) 5.2 (1.2) 0.05
HDL cholesterol, mmol/L, median (IQR) 1.3 (1.1–1.7) 1.4 (1.2–1.8) 1.3 (1.1–1.6) 1.2 (1.0–1.6) <0.001
LDL cholesterol, mmol/L 3.0 (0.9) 2.9 (0.9) 3.1 (1.0) 3.1 (0.9) 0.02
Triglycerides, mmol/L, median (IQR) 1.6 (1.2–2.2) 1.4 (1.3–2.2) 1.7 (1.3–2.2) 1.8 (1.4–2.5) <0.001

Lipid-lowering drugs
Use of statins, n (%) 259 (49) 88 (50) 81 (45) 90 (53) 0.34
Use of cholestyramine, n (%) 6 (1) 1 (1) 3 (2) 2 (1) 0.62
Other, n (%) 16 (3) 2 (1) 6 (3) 2 (1) 0.14

Transplantation and immunosuppressive therapy
Dialysis vintage, months, median (IQR) 25 (7–50) 21 (3–47) 25 (9–47) 31 (9–59) 0.16
Transplant vintage, years, median (IQR) 5.3 (2.1–12.2) 5.1 (2.3–10.5) 5.2 (1.6–11.9) 5.6 (1.8–13.9) 0.53
Living donor, n (%) 191 (37) 79 (45) 64 (36) 48 (28) 0.01
Cytomegalovirus infection, n (%) 131 (25) 39 (22) 47 (26) 45 (27) 0.67
Hepatitis C virus infection, n (%) 6 (1) 1 (1) 2 (1) 3 (2) 0.34
Cyclosporine, n (%) 197 (38) 47 (27) 62 (35) 88 (52) <0.001
Tacrolimus, n (%) 90 (17) 20 (11) 35 (20) 35 (21) 0.05
Sirolimus, n (%) 6 (1) 3 (2) 1 (1) 2 (1) 0.58
Azathioprine, n (%) 97 (19) 36 (21) 26 (15) 35 (21) 0.24
Mycophenolic acid, n (%) 342 (65) 119 (69) 124 (69) 99 (58) 0.06
Prednisolone use, n (%) 519 (99) 175 (100) 178 (99) 166 (98) 0.06
Prednisolone dose, mg/day, median (IQR) 10.0 (7.5–10.0) 10.0 (7.5–10.0) 10.0 (7.5–10.0) 10.0 (7.5–10.0) 0.59

Values presented asmean (SD) unless stated otherwise. Differences among tertiles of serumuric acid (tertile 1, n=175: ≤0.37mmol/L; tertile 2, n=179: 0.37–0.47mmol/L; tertile 3, n=
170: ≥0.47mmol/L) were studied bymeans of analysis of variance or the linear regression test for continuous variables and bymeans of the chi-squared test for categorical variables. Ab-
breviations: eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein cholesterol.
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with both higher uric acid levels and risk of PTDM, independently
[52,53]. In linewith ourfindings, cyclosporine has beenmore associated
to hyperuricemia than tacrolimus in KTR [54]. Yet, we found that the as-
sociation between SUA and PTDM was independent of immunosup-
pressive treatment, which may be indicative of additional
mechanisms. It has also been shown that uric acid amplifies
immunossupressive agents-derived toxicity, which may ultimately
lead to increased pancreatic toxicity and diabetogenic mechanisms re-
lated with pancreatic β cell impairment and insulin resistance [10,55].
Althoughwe did not find signs of an effect-modification of immunosup-
pression agents on the association between SUA and risk of PTDM, fur-
ther studies are needed to evaluate whether this proposed mechanism
may contribute to increased risk of PTDM by relatively high SUA.

SUA contributes to insulin resistance by altering glucose uptake,
inhibiting nitric oxide synthase, inducing oxidative stress and TNF-α
4

production, and inducing endothelial dysfunction [23,24,56,57]. Intra-
cellular UA has been shown to increase hepatic gluconeogenesis by
stimulating adenosine monophosphate dehydrogenase and inhibiting
adenosine monophosphate protein kinase [25]. Indeed, hyperuricemia
has been strongly associated with insulin resistance in healthy subjects
[22]. An association between higher SUA and impaired β cell function,
both in patients with and without diabetes, has been reported in previ-
ous studies [30,48,58]. In patientswithout type 2 diabetes, SUA has been
positively associated with homeostasis model assessment of insulin re-
sistance and negatively with quantitative insulin sensitivity check index
[30,48]. The aforementionedmechanisms and clinical studiesmay caus-
ally explain and support our findings on the prospective association be-
tween SUA and risk of PTDM in outpatient KTR [25].

The aforementioned studies about potentialmechanismsunderlying
the observed associations between uric acid and risk of type 2 diabetes



Fig. 1. Kaplan-Meier curve for posttransplant diabetes mellitus according to tertiles of
serum uric acid (tertile 1, n = 175: ≤0.37 mmol/L; tertile 2, n = 179: 0.37–0.47 mmol/L;
tertile 3, n = 170: ≥0.47 mmol/L). Event-free rate was significantly different across
increasing tertiles of serum uric acid (P = 0.02). P value was calculated by log-rank test.

Table 2
Prospective association of time-updated serum uric acid with posttransplant diabetes.

Models Continuous Tertiles of serum

per 1 − SD increment Tertile 1

HR (95% CI) P value Ref.

Crude 1.75 (1.36–2.26) <0.001 1.00
Model 1 1.78 (1.35–2.36) <0.001 1.00
Model 2 1.82 (1.35–2.45) <0.001 1.00
Model 3 1.81 (1.34–2.44) <0.001 1.00
Model 4 2.10 (1.45–3.04) <0.001 1.00
Model 5 1.89 (1.32–2.70) <0.001 1.00

Cox proportional-hazards regression analyseswere performed to assess the association of serum
with uric acid concentration as a continuous variable and according to tertiles of the uric acid di
n = 170: ≥0.47 mmol/L).

a All (n=3) outliers were excluded.Multivariablemodel 1 was adjusted for age, sex, bodym
adjustments were performed for components of the metabolic syndrome (waist circumference
lesterol, and blood pressure) in model 2; lifestyle (smoking status, alcohol consumption, physi
vintage, transplant vintage, eGFR, and proteinuria, in model 4; cytomegalovirus infection, hepa

Fig. 2. Associations of serum uric acid (SUA) with risk of posttransplant diabetes mellitus (PT
exclusion of outliers of the distribution of SUA (n = 3). X-axis represents SUA concentratio
value. Data were fitted by multivariable-adjusted (analogous to model 1 of the primary pro
hazard ratio and the gray area represents the 95% confidence interval. The histogram of SU
were, respectively, at lower and higher risk of PTDM.
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mellitus underscore a need for further studies to substantiate the ther-
apeutic potential of uric acid-targeted strategies. It should be realized
that previous studies on the therapeutic potential of allopurinol\\a
xanthine oxidase inhibitor\\ in chronic kidney disease patients have
focused on decline of eGFR as outcome of interest. Lack of a beneficial
effect of allopurinol on progression of chronic kidney disease in a recent
randomized clinical trial has been suggested to be indicative of absence
of a cause-effect relationship between uric acid and progression of
chronic kidney disease [59]. Other studies have, however, shown a ben-
eficial effect of lowering SUA by allopurinol in the context of type 2 di-
abetes [56]. Takir et al. reported that lowering SUA with allopurinol
improved insulin resistance and systematic inflammation after 3
months [30]. Interestingly, allopurinol was recently shown to improve
recurrent cardiovascular disease in patients with stable ischemic coro-
nary artery disease [60]. On the basis that SUA contributes to systemic
inflammation, persistent oxidative stress, endothelial dysfunction and
insulin resistance [15,18,57,61], an interventional strategy aimed at
lowering SUA may offer interesting opportunities in the post-kidney
transplant setting [28,30,31].
uric acid

Tertile 2 Tertile 3 Tertile 3a

HR (95% CI) HR (95% CI) HR (95% CI)

1.41 (0.65–3.08) 3.06 (1.51–6.21) 2.98 (1.46–6.07)
1.62 (0.67–3.91) 3.29 (1.44–7.48) 3.19 (1.40–7.30)
1.52 (0.62–3.73) 3.33 (1.43–7.77) 3.01 (1.29–7.06)
1.57 (0.65–3.84) 3.09 (1.34–7.12) 3.01 (1.30–6.97)
2.05 (0.67–6.29) 5.32 (1.76–16.1) 5.11 (1.68–15.5)
2.71 (0.84–8.74) 4.69 (1.45–15.1) 4.48 (1.38–14.5)

uric acid concentrationwith posttraplant diabetes (nevents= 52). Associations are shown
stribution (tertile 1, n=175: ≤0.37mmol/L; tertile 2, n=179: 0.37–0.47mmol/L; tertile 3,

ass index, high-sensitivity C-reactive protein, and goutmedication. Subsequently, additive
, fasting plasma glucose, glycated hemoglobin, triglycerides, high-density lipoprotein cho-
cal activity, total energy intake, and fruit and vegetable consumption) in model 3; dialysis
titis C virus infection, and immunosuppressive therapy, in model 5.

DM) in kidney transplant recipients, within the (A) whole study population and (B) after
n and y-axis the estimated hazard ratios using median SUA (0.42 mmol/L) as reference
spective analyses) Cox proportional-hazards regression. The black line represents the

A is provided in the background. Patients with SUA lower and higher than median SUA
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Weperformed a prospective cohort study in a large sample of stable
KTR, who were closely monitored during a considerable follow-up pe-
riod by regular check-up in the outpatient clinic, granting complete
endpoint evaluation without loss to follow-up. Furthermore, we in-
cluded outpatient KTRwith a functioning graft for >1 year, enabling ex-
clusion of KTR with transient posttransplantation hyperglycemia in the
diagnose of PTDM. The primary endpoint PTDM was diagnosed based
on American Diabetes Association criteria. On the other side, we ac-
knowledge that the majority of the study population was Caucasian,
which calls for prudence to extrapolating our findings to other ethnici-
ties, particularly taking into account that previous studies showed that
the association between SUA and type 2 diabetes is stronger inWestern
compared to Asian countries [27]. As with any observational study, re-
sidual confounding may occur despite adjustment for potential con-
founders. Finally, due to its observational nature, we acknowledge that
the current study does not allow for conclusions on causality.

5. Conclusions

In conclusion, elevated SUA is associated with an increased risk of
developing PTDM in KTR, independently of the established risk factors
for PTDM suchmetabolic syndrome, lifestyle, immunosuppressive ther-
apy, cytomegalovirus and hepatitis C virus infection. Whether timely
management of SUA may be a target to decrease the risk of developing
PTDM among outpatient KTR needs to be further studied.
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