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Abstract
New-onset diabetes after transplantation (NODAT) is
associated with increased risk of allograft failure, cardio-
vascular disease and mortality, and therefore, jeopardizes
the success of renal transplantation. Increased awareness
of NODAT and the prediabetic states (impaired fasting
glucose and impaired glucose tolerance, IGT) has fostered
previous and present recommendations, based on the
management of type 2 diabetes mellitus (T2DM). Unfor-
tunately, the idea that NODAT merely resembles T2DM is
potentially misleading, because the opportunity to initiate
adequate anti-hyperglycaemic treatment early after trans-
plantation might be given away for ‘tailored’ immuno-
suppression in patients who have developed NODAT
or carry personal risk factors. Risk factor-independent
mechanisms, however, seem to render postoperative
hyperglycaemia with subsequent development of overt or
‘full-blown’ NODAT, the unavoidable consequence of the
transplant and immunosuppressive process itself, at least
in many cases. A proof of the concept that timely preven-
tive intervention with exogenous insulin against post-
transplant hyperglycaemia may decrease NODAT was re-
cently provided by a small clinical trial, which is awaiting
confirmation from a multicentre study. However, because
early insulin therapy aimed at beta-cell protection seems
to contrast the currently recommended, stepwise approach
of ‘watchful waiting’ prior to pancreatic decompensation,
we here aim at reviewing recent concepts regarding the
development, prevention and treatment of NODAT, some
of which seem to challenge the traditional view on T2DM
and NODAT. In summary, we suggest a novel, risk factor-
independent management approach to NODAT, which

includes glycaemic monitoring and anti-hyperglycaemic
treatment in virtually everybody after transplantation. This
approach has widespread implications for future research
and is intended to tackle NODAT and also ultimately car-
diovascular disease.

Introduction

Renal transplantation has become a great success story
overall [1], mainly because kidney transplant recipients
(KTRs) benefit from increased survival rates [2–7] and
higher quality of life compared with dialysis patients [8–11].
To ensure that post-transplant outcomes may continue to
improve in aging end-stage renal disease populations, the
transplant community is undertaking considerable efforts.
Specifically, multiple diagnostic procedures along with
subsequent interventions are performed prior to wait
listing [12]. Organizations responsible for organ allocation
optimize immunological donor–recipient matching [13, 14].
KTRs are screened and treated for infection, rejection and
cardiovascular disease. Furthermore, the search for
optimal immunosuppression is undergoing constant review
[15–18].
Among the leading obstacles to long-term allograft and

recipient survival is new-onset diabetes after transplan-
tation (NODAT) [19]. Data from the US renal data system
(USRDS) indicate that 40% of KTRs will have developed
NODAT by their third year post-transplantation [20]. This
number is alarming, because NODAT is a major risk
factor for cardiovascular disease [21] and mortality [22–25],
and is also associated with reduced kidney graft survival
[26, 27], infections [28–30] and increased health care
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costs [31]. Impaired glucose tolerance (IGT), which natu-
rally precedes the onset of diabetes, has likewise been
linked to mortality, indicating that an even greater number
of KTRs may be at risk [22].

NODAT has commonly been viewed as resembling
type 2 diabetes mellitus (T2DM) [32, 33]. Hyperglycae-
mia after transplantation, however, appears rapidly and
the transition to full-blown diabetes is clearly much faster
than in T2DM [23, 31], due to a variety of transplant-
specific mechanisms. Evidence suggests that beta-cell
dysfunction rather than insulin resistance is the main con-
tributing factor for NODAT development [34–36] and
early insulin-based correction of postoperative hypergly-
caemia has proven beneficial, most probably through
beta-cell protection [37]. However, this intervention seems
to contrast sharply with the 2003 international consensus
guidelines recommending a stepwise approach to NODAT
treatment, based on T2DM [33].

Postoperative hyperglycaemia, despite high blood
glucose levels ≥200 mg/dL, can formally not be equalized
to ‘full-blown’, or ‘overt’ NODAT, which has previously
also been defined as the need for antidiabetic treatment

>30 days [33]. Even for overt NODAT, however, a step-
wise approach might be inadequate, because beta-cell
function in KTRs may suffer from iatrogenic stress (e.g.
immunosuppressants) and can likely be rescued more effi-
ciently by intensive interventions, possibly also at later
time points. The aim of the present article is, therefore, to
review novel concepts regarding the development, preven-
tion and treatment of NODAT, some of which challenge
traditional views on T2DM and NODAT, as well as their
relation. As a consequence, we suggest a revised monitor-
ing and management approach with the goal of protecting
or rescuing beta-cell function, early after transplantation
and beyond.

NODAT development

Risk factors

Review articles [32, 38, 39] and the 2003 international
consensus guidelines [33] focus on the risk factors for
NODAT and the potential to modify them for the sake of
reducing diabetes development [33]. Traditional, ‘non-
transplant-specific’ characteristics such as older age,
family history, various ethnic backgrounds, obesity or
hepatitis C are well known to occur at a higher rate in the
non-transplanted population with T2DM compared with
nondiabetics [40–42] and a large body of evidence has
also shown an association between these characteristics
and the risk of NODAT in KTRs (reviewed in [32, 33, 38,
39]). Linked to obesity, triglyceride levels as well as the
metabolic syndrome are also well-established risk factors
for NODAT [43, 44]. Perhaps less well recognized,
Ghisdal et al. genotyped KTRs without diabetes at trans-
plantation for 11 polymorphisms that associate with
T2DM and found that NODAT was significantly associ-
ated with the TCF7L2 polymorphism [45], expressed in
pancreatic beta cells and involved in the control of insulin
secretion.
Among ‘transplant-specific’ risk factors, the contri-

bution of immunosuppressive agents to NODAT develop-
ment is predominant [32, 33, 38, 39]. Polycystic kidney
disease [46–48], cytomegalovirus infection [21, 49, 50],
hypomagnesemia [51] and HLA-mismatch (reviewed in
[52]) have also been proposed to play a role. Importantly,
episodes of acute rejection are usually treated with high-
dose corticosteroids. In the multivariate analysis by
Ghisdal et al. [45], genetic factors were compared with
clinical aspects and NODAT was more strongly associated
with the occurrence of a corticosteroid-treated acute rejec-
tion episode than with tacrolimus use [45]. A recent study
moreover showed that the mean number of acute rejection
episodes per KTR was significantly higher among
NODAT patients and that in KTRs who experienced both
overt NODAT and an acute rejection, the rejection episode
almost always occurred first [53]. Rejections and sub-
sequent corticosteroid administration may, therefore, be
classified into the group of transplant-specific risk factors
leading to the development of overt NODAT.
The focus on diabetes risk factors inevitably leads to

the recommendation that patients with the highest risk for

Fig. 1. A prototypic blood glucose profile after transplantation. A 67-
year-old female with body mass index 27 kg/m2, without diabetes,
without family history of diabetes and without hepatitis C infection, had
been on haemodialysis for 18 months (lithium-induced nephropathy)
before undergoing transplantation with a deceased donor kidney. The
patient agreed to participate in the treat-to-target TIP-study [37] and was
randomized to the conventional treatment (control) group. HbA1c was
5.0% at baseline. The very early post-transplant glucose profile and the
glucose profile in post-transplant Week 3 are displayed. In post-
transplant Week 2, the patient received short acting insulin on two
consecutive days, but no more insulin corrections were administered and
the patient was discharged on post-transplant Day 20. Non-fasting blood
glucose ≥200 mg/dL had occurred only during three independent days
before discharge. At the first TIP-study control visit on post-transplant
Day 87, HbA1c had increased to 7.3%, 2 h glucose value during OGTT
was 238 mg/dL, OGTT-derived beta-cell function was poor
[insulinogenic index (IGI) = 0.016 nmol insulin/mmol glucose], while
insulin sensitivity was not clearly impaired [oral glucose insulin
sensitivity (OGIS) index = 300 mL/min/m2]. This patient’s decompensation
of glucose metabolism had not previously been noticed by measurements
of fasting glucose during any of the patient’s visits in the outpatient clinic.
The patient received an oral antidiabetic agent (sulphonylurea) throughout
the end of the study’s follow-up as well as 2 years thereafter, when she
was additionally contacted. Two consecutive high-dose corticosteroid
treatments for acute transplant rejection had been given during post-
transplant Weeks 3 and 5, which might have contributed to her rapid
impairment of glucose metabolism. As discussed in the text, self-
measurements of evening glucose along with early insulin therapy might
have uncovered and simultaneously prevented the rapid decline in beta-cell
function. Corticosteroid-treated rejections have been shown to associate
with NODAT development [45, 53] and may therefore be considered
transplant-specific risk factors rather than confounders, as discussed in the
text. Fasting: ∼7:30 am, pre-lunch: ∼12:00 am, pre-supper: ∼5:30 pm,
post-supper: ∼9:00 pm.
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NODAT development should be identified and then
receive individualized or ‘tailored’ immunosuppression as
well as counselling on weight control and physical
activity in order to prevent the disease [32, 33, 39].
However, early and severe hyperglycaemia from the first
post-transplant days is the rule rather than the exception
[37, 54], and may thus be viewed as a predictable conse-
quence of mechanistic changes controlling glucose metab-
olism, induced by the process of renal transplantation and
its encompassing medications. Post-transplant hypergly-
caemia is consecutively linked to overt NODAT [55],
potentially even in hyperglycaemic KTRs who do not
have a pre-existing elevated risk.

Prevalence of early post-transplant hyperglycaemia

At the Mayo Clinic, 87% of KTRs without pre-transplant
diabetes showed evidence of post-transplant hyperglycaemia
(bedside glucose >200 mg/dL or physician-instituted insulin
therapy) under tacrolimus-based immunosuppression [54].
At the Medical University of Vienna, in a recently com-
pleted prospective trial of basal insulin against NODAT (the
‘TIP-study’, Trial of Basal Insulin in Post-transplant Hyper-
glycaemia [37]), conventional treatment (control) patients
experienced hyperglycaemia (blood glucose ≥200 mg/dL)
at a similarly high rate (23/25 = 92%). Moreover, all patients
in the insulin intervention group (25/25 = 100%) had blood
glucose ≥140 mg/dL by the third day post-transplantation,
although glucose was always measured ≥2 h after caloric
intake, if not fasting. The latter finding was also observed in
the control group, where all patients (25/25 = 100%) had
blood glucose ≥140 mg/dL by the third day post-transplan-
tation. Blood glucose ≥140 mg/dL in an oral glucose toler-
ance test (OGTT) defines impaired glucose metabolism
[56].

A prototypic glucose profile early after renal transplan-
tation from a TIP-study participant is shown in Figure 1.
As illustrated by the graphs, fasting glucose was low
between Days 3 and 16 after kidney transplantation in this
patient, while the maximal glucose values were consist-
ently observed during the evening hours. This effect is a
well-known consequence of corticosteroids, which when
administered in the morning exert their maximal hyper-
glycaemic effect during the course of the day, but sup-
press endogenous steroid secretion on the following
morning [57–59].

As described in detail in the legend to Figure 1, this
patient’s history of NODAT development was drastic (for
example HbA1c increased from 5.0% at transplantation to
7.3% at 87 days post-transplantation). However, such a
clinical course may not be uncommon, as indicated by the
finding of a high diabetes prevalence at 3 months post-
transplantation in the control group of our trial (13/
25 = 52%) [37]. While age and high-dose corticosteroid
treatment in the reported case were clear risk factors, both
‘non-transplant specific’ as well as ‘transplant-specific’,
it seems unlikely that this drastic form of disease pro-
gression could have been prevented by risk factor-depen-
dent counselling on diet and physical activity immediately
after kidney transplantation, or by tailored immunosup-
pression alone.

Novel terminology and collective mechanisms

In 2007, Crutchlow and Bloom proposed the term trans-
plant-associated hyperglycaemia (TAH) [60], specifying
also in a subsequent editorial, that this term encompasses
the full range of new-onset, post-transplant glycaemic ab-
normalities, including the prediabetic states of impaired
fasting glucose and IGT, as well as NODAT [61].
Although the authors did not focus on immediate post-
operative TAH, their definition was a major step forward,
not only by naming hyperglycaemia as the root of sub-
sequent disease in context with the disease itself, but also
by expanding the risk population to KTRs who have
‘only’ IGT. Compellingly, the authors also focussed on
general mechanisms in TAH pathogenesis that must be
collectively considered, independent of individual risk
factors. We attempted to complete their list as follows and
as illustrated in the upper part of Figure 2. From here on
as well as in the figure, we will discriminate between im-
paired insulin secretion and increased insulin resistance
(e.g. impaired insulin sensitivity), both of which may con-
tribute to NODAT development [62], although there may
be disagreement on the relative importance of either com-
ponent [34–36, 63], as further discussed below.

‘Risk factor-independent’ mechanisms contributing
to NODAT development:

(i) Calcineurin inhibitors (CNIs), tacrolimus and cyclos-
porin A, are the mainstay of immunosuppressive
therapy [64], but are also well known to substantially
impair insulin secretion in vitro [65, 66] and in vivo
[66–69], because calcineurin/NFAT (nuclear factor of
activated T-cells) signalling regulates pancreatic beta-
cell growth and function [70]. CNIs thereby indispen-
sably cause hyperglycaemia (reviewed in [60]), and
overt NODAT, with tacrolimus having a higher diabe-
togenic potential than cyclosporin A [31, 71–74].

(ii) Glucocorticoids increase dose-related [75] hepatic
glucose production (via stimulation of gluconeogen-
esis), augment insulin resistance [76–79] and sup-
press insulin secretion, in addition to inducing islet
cell apoptosis at higher doses [80–86].

(iii) Hyperglycaemia by itself is a recognized stressor for
beta cells, suppressing insulin secretion and/or
leading to beta-cell apoptosis in vitro [87–89] via oxi-
dative stress [90]. Beta-cell failure appears to play a
major role in T2DM development [91, 92] and is thus
very likely to play a key role in NODAT development
as well. Additional general mechanisms contribute to
hyperglycaemia in the post-transplant setting:

(a) The perioperative stress of surgery and anaesthe-
sia may result in hyperglycaemia through a
variety of mechanisms such as increased
secretion of catecholamines [93, 94] and inflam-
matory cytokines exerting antagonistic effects
on insulin [95, 96] (reviewed in [97]).

(b) Common but unhealthy dietary habits, for
example excessive consumption of pure sugar,
rapidly absorbed carbohydrates and saturated
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fatty acids (‘fast food’), in conjunction with a
deficiency of aerobic exercise, are well known
to increase the risk of developing T2DM
[98–103] and are, therefore, very likely to also
increase the risk of post-transplant hyperglycae-
mia and subsequent NODAT among KTRs. In
addition, dietary advice intended to benefit
dialysis patients, such as low protein (low phos-
phate), high caloric intake, may be insufficiently
revised post-transplantation.

(c) Physical inactivity is an inevitable consequence
of early postoperative rehabilitation, but simul-
taneously a major contributor to T2DM [104,
105]. The inability to perform physical exercise
will most probably contribute to postoperative
hyperglycaemia and NODAT development.

(iv) Insulin demand increases after renal transplantation.
(a) As mentioned by Crutchlow and Bloom [60],

healthy kidneys degrade insulin, shown by an
arteriovenous decrease in insulin concentration
[106, 107] and decreased insulin requirements
in patients with T2DM during kidney disease
progression [108]. Through sudden restoration
of kidney function after renal transplantation,
insulin demand increases (normalizes) in KTRs
without previous T2DM.

(b) Insulin demand increases through hyperglycae-
mia alone. Consequently, beta-cell stress can in
turn cause impaired insulin secretion, which
may drive subsequent hyperglycaemia with
even higher insulin requirements. This vicious
cycle of hyperglycaemia and hypoinsulinaemia
has been reported to be associated with poor
hospital outcomes [109], and most likely occurs
in an accelerated form during the course of
NODAT development.

(v) Because insulin resistance is prevalent in patients with
chronic kidney disease [110] and the majority of stable
KTRs are in chronic kidney disease Stages II and III
[111], chronic allograft dysfunction and uraemia before
[112], but also after renal transplantation can plausibly
exert a relevant influence on insulin resistance and sub-
sequent NODAT development.

Decreased insulin secretion versus increased insulin
resistance

Although plasma triglyceride concentration and the ratio
of triglyceride to high-density lipoprotein cholesterol con-
centrations have been shown to be useful metabolic
markers for insulin resistance in the general population
[113], and in turn are associated with NODAT

Fig. 2. General mechanisms of NODAT development, (A) early postoperative prevention and (B) late postoperative treatment. Beta cell mass inside
the pancreas leading to insulin secretion is depicted by the clouds. The idea that beta cells can become stressed is symbolized by the warning flashes.
Insulin resistance is depicted by the circle, and contributors to insulin resistance are also symbolized by flashes. When describing early post-transplant
status (upper part of the figure = development), the figure explicitly contains only general mechanistic details, but no patient-specific risk factors of
NODAT development, such as age, obesity, family history, ethnic background and viral infection, which may further influence insulin secretion and
insulin resistance in a patient-specific manner. Asterisk denotes that these factors are listed in the text as contributors to hyperglycaemia (a, b and c).
(A) Early basal insulin and lifestyle intervention (diet and exercise) act against evening hyperglycaemia and are helping beta cells to overcome the
burden imposed after renal transplantation, as symbolized by green flashes. Insulin secretion may consequently increase. (B) Long-term anti-
hyperglycaemic treatment may become necessary in stable KTRs if NODAT prevention has not been established or has failed. Note that the circle
symbolizing insulin resistance is neither augmented nor diminished after renal transplantation, because the progression of insulin resistance is
currently still a matter of debate. However, as indicated in the text, convincing evidence indicates that insulin resistance may even increase.
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development [43], previous reports are controversial
regarding the relative importance of either increased
insulin resistance and/or decreased insulin secretion in
NODAT development.

Using hyperinsulinaemic euglycaemic as well as hy-
perglycaemic clamps combined with indirect calorimetry
and infusion of tritiated glucose, Ekstrand et al. have
shown that both insulin resistance and insulin deficiency
are necessary for NODAT development [62]. Midtvedt
et al. subsequently analysed OGTTs, and classified KTRs
as having normal glucose tolerance (NGT), IGT and
NODAT. The authors also performed hyperinsulinaemic
euglycaemic clamps and found a significant difference in
insulin sensitivity between patients with NODAT versus
those with NGT, and between patients with IGT versus
those with NGT. Midtvedt et al. concluded in their ab-
stract as well as in their title that insulin resistance is a
common denominator of KTRs with NODAT and IGT
[63]. Although the same study simultaneously identified a
significant difference in insulin secretion between KTRs
with NODAT versus those with NGT, the authors did not
further comment on insulin secretion. The transplant com-
munity may subsequently have attached greater impor-
tance to insulin resistance than to insulin secretion.

In the same year as Midtvedt et al., Shimizu et al. also
performed hyperinsulinaemic euglycaemic clamps, and
published that in comparison to haemodialysis patients,
KTRs had ‘higher’ insulin sensitivity [36]. The authors
concluded that renal transplantation ‘restores’ (decreases)
insulin resistance found in renal failure patients, but does
not ameliorate insulin secretion.

Hagen et al. analysed KTRs by OGTTs at 10 weeks
post-transplantation, as well as 6 years later, and found
that OGTT-derived insulin secretion was significantly
reduced, whereas insulin sensitivity significantly ‘in-
creased’ [34] at 6 years in comparison to 10 weeks post-
transplantation, presumably a consequence of corticoster-
oid tapering.

In an adequately powered study, Nam et al. analysed
OGTTs at 1 week before and 9–12 months after living-
related renal transplantation [35]. The authors found sig-
nificantly lower OGTT-derived insulin secretion (area
under the curve) in the NODAT group after transplan-
tation, in comparison to before. Importantly, insulin sensi-
tivity was ‘higher’ in all groups (NGT, IGT, NODAT)
after transplantation in comparison to before. Although
some caution must be applied when comparing results
from Asian (here: Korean) populations with those from
Caucasians, it seems that the results linking NODAT and
beta-cell failure are more convincing than those empha-
sizing the importance of insulin resistance.

In the non-transplanted general population, a previously
ongoing debate has been labelled as the ‘eternal chicken
and egg question’ [114] whether disease progression from
NGT to T2DM is mainly caused by insulin resistance, as
historically perceived [115–117], or beta-cell dysfunction
[118], which in turn would necessitate treatment options
that preserve beta-cell function [119]. Data from the UK
prospective diabetes study have, however, shown that for
patients with newly diagnosed T2DM, glycaemic deterio-
ration is associated with progressive loss of beta-cell

function [120, 121]. Moreover, although insulin resistance
is a major pathogenic factor underlying progression from
NGT to IGT to diabetes, deterioration in glycaemic
control does not occur unless beta cells fail to compensate
for insulin resistance [122]. Eventually, beta-cell failure is
responsible for IGT progression to T2DM [123, 124];
among IGT subjects, a low plasma insulin concentration
predicts IGT progression to T2DM in many ethnic groups
[125, 126].
It is worth noting that even in NGT, beta-cell function

is the best predictor for the progression of NGT to IGT
and subsequently to T2DM [127]. Because insulin secretion
is tightly regulated by insulin sensitivity [128], the matter
of query is also about the type of relationship between the
two entities. While it appears clear that insulin secretion
(or better, beta-cell function) and insulin sensitivity are in-
versely correlated [129], a controversy exists as to
whether the relationship is linear or non-linear and if, in
the latter case, it is a regular hyperbola or a power func-
tion [130]. These distinctions imply different physiologi-
cal interpretations, although it may not be trivial to make
inferences about treatment for T2DM, as a consequence
of further untangling this puzzling relationship [131].
The above-mentioned relationship between insulin

secretion and insulin sensitivity in the general population
may not genuinely be transferred to KTRs, where multiple
processes occur simultaneously after transplantation as de-
scribed above and possibly with great individual variabil-
ity. Our most recent results from comparing a large cohort
of stable KTRs with the general population indicate that
glucose metabolism as a whole—including HbA1c, fasting
glucose and OGTT-derived 2h glucose—differs substan-
tially between KTRs and non-transplanted control subjects.
Because in our analyses, an impairment in OGTT-derived
insulin secretion appeared to be the predominant patho-
physiological feature after renal transplantation, suppor-
tive of the results obtained by Shimizu et al. [36], Hagen
et al. [34] and Nam et al. [35], we concluded that thera-
peutic regimens that preserve beta-cell function are poten-
tially beneficial in this population [132].

In summary on NODAT development, risk factor-inde-
pendent mechanisms occur routinely in patients under-
going renal transplantation today. These general mechanisms
are very likely to explain recent clinical observations of
postoperative hyperglycaemia [37, 54, 55]. The respective
importance of insulin secretion versus insulin resistance
has been controversially perceived [34–36, 63], possibly
in analogy to the general population where a similar argu-
ment has been ongoing. Because impaired insulin
secretion seems to be the predominant component of
NODAT development, we suggest that beta-cell protection
is a reasonable goal for NODAT prevention.

NODAT prevention

Previous NODAT prevention concepts

In the 2003 international consensus guidelines, NODAT
prevention is mentioned in the context of monitoring fasting

NODAT Review 5
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glucose and OGTT-derived 2 h glucose levels [33].
Later NODAT reviews [32, 38, 39, 60, 133] emphasized
the importance of preventing NODAT by modifying
patient-specific risk factors: obesity [134], hyperlipidae-
mia [135], viral infections [136, 137] and an activated
renin–angiotensin system [138]. ‘Tailoring’ of the immu-
nosuppression has received the greatest attention among
NODAT prevention strategies in the 2003 international
consensus guidelines and subsequent reviews. Specifi-
cally, pre-transplant individualization of immunosuppres-
sion based on cardiovascular and diabetes risk factors
[32, 33, 38, 39, 60], and post-transplant withdrawal of
corticosteroids or conversion from tacrolimus to cyclospor-
in A have been advocated [33] and described [139–143].
During the late course of transplantation, Luan et al.
showed a lack of difference in NODAT risk between cy-
closporin A- and tacrolimus-treated, nondiabetic KTRs
[144], indicating perhaps that conversion might be of
even greater benefit during the early postoperative period.
Greater efficacy of early post-transplant conversion
might mechanistically be plausible, according to previous
data on insulin release in tacrolimus- and cyclosporin
A-treated patients, respectively [67].

Regarding corticosteroid withdrawal, although most
available literature suggest reduced NODAT risk with
early corticosteroid withdrawal [27, 145–150], an overall
beneficial effect of corticosteroid sparing strategies has
not been uniformly demonstrated [148]. Systematic
reviews and meta-analyses recently undertaken suggest
that corticosteroid withdrawal between 3 and 6 months
after transplantation had no meaningful effect on NODAT
incidence [145, 149]. Early corticosteroid avoidance after
only some days of treatment did show decreased NODAT
incidence, but only significant when the CNI used was
cyclosporine A. Interestingly, this positive effect disap-
peared when the immunosuppression was based on the
more diabetogenic tacrolimus [145, 150]. Moreover, a
mild increase in the incidence of acute rejection with cor-
ticosteroid sparing strategies might counterbalance the
metabolic beneficial effect [32, 145, 149–151].

A novel NODAT prevention concept

Based on the available evidence, we posit NODAT cannot
be efficiently prevented by tailored immunosuppression
alone without compromising kidney graft survival. In
Figure 3, we show the development of a patient who par-
ticipated in the treatment group of the TIP-study and in-
jected relatively high daily doses of basal insulin early
after transplantation [37] (for the general concept, see
also Panel A of Figure 2). This patient’s very favourable
metabolic outcomes were not an exception, as shown by
73% lower odds of NODAT and significantly lower
HbA1c in the basal insulin treatment group compared
with the standard-of-care control group throughout 1 year
of follow-up. In addition, significantly improved beta-cell
function in this exemplary case and in the entire treatment
group, in comparison to the control group [37], suggests
that early insulin therapy may genuinely protect beta cells
against the deleterious NODAT-causing factors listed here
above.

Risk of hypoglycaemia. The insulin-treated patient
whose glucose profiles are shown in Figure 3 did not
report clinical evidence of hypoglycaemia, although 2 of his
1064 measurements throughout the course of 1 year (0.2%)
showed values <60 mg/dL (44 mg/dL and 46 mg/dL,
respectively). In the entire TIP-study, we determined the
number of hypoglycaemic episodes during the patients’
postoperative hospitalization and arrived at a similarly
low rate. Specifically, capillary blood glucose between 41
and 60 mg/dL was measured once in the control group
and five times in the treatment group [37], corresponding
to 0.05 versus 0.2% of all measurements and to 0.15 ± 0.8
versus 1.0 ± 2.2% days per patient (P = 0.105). These hy-
poglycaemic episodes were not noticed by the patients,
and there were no hospitalizations due to hypoglycaemic
events throughout the follow-up.
Important limitations of the TIP-study, as previously

described [37], include its small sample size and nearly
significant group differences at baseline (for which,
however, the principal study findings were adjusted).
Another limitation is its open label design, although
major diabetes studies [152, 153] were similarly not
blinded and had to consider insulin-unrelated benefits.
Patients allocated to early insulin therapy might be very
motivated to optimize diet and exercise in order to be able
to wean their insulin treatment. Such an effect is currently
speculative and if present would not be undesired. When
exogenous insulin is combined with improved health be-
haviour, the relative contribution of either component on
metabolic outcomes should be resolved scientifically in
future work.
When considering these limitations, it becomes clear

that the supportive data for a novel NODAT prevention
concept are presently not broad, even with pathophysiolo-
gical evidence emphasizing the crucial role of insulin hy-
posecretion, as well as the demonstration of a significant
increase in OGTT-derived beta-cell function in the TIP-
study [37]. Still in favour of such a concept, it may be
stated that beta-cell protection through exogenous insulin
administration is only novel for the transplant community.
In the general population, the benefit of insulin therapy
for long-term glycaemic control among newly diagnosed
type 2 diabetic patients has been reported from 1997
onwards [154–158]. A large Chinese multicentre study
reached perhaps the highest impact, after showing 51%
remission from newly diagnosed T2DM as late as 1 year
after a 2-week normoglycaemic treatment period using
continuous subcutaneous insulin infusions [159].

Risk factor-independent recommendations

A large randomized controlled clinical trial, Insulin
Therapy for the Prevention of NODAT (ITP-NODAT),
NCT01683331), is currently evaluating whether the prom-
ising findings of the TIP-study can be reproduced by five
additional international renal transplant centres in well
over 300 patients. Based on the previous findings, one
may expect that (i) essentially all KTRs display early
postoperative evening glucose levels ≥140 mg/dL, (ii)
KTRs may be successfully treated with basal insulin
and (iii) the risk of hypoglycaemia is reasonably low.

6 M. Hecking et al.

 at Pennsylvania State U
niversity on Septem

ber 15, 2016
http://ndt.oxfordjournals.org/

D
ow

nloaded from
 

http://ndt.oxfordjournals.org/


Until the results of the ITP-NODAT trial become
available, it seems nevertheless rational to advocate the
following, general, risk factor-independent NODAT pre-
vention strategies:

(i) As a prerequisite for subsequent interventions, self-
measurements of blood glucose should be reinforced
in all KTRs immediately post-transplantation, as has
also been recommended previously [38, 133]. Evening
measurements of blood glucose will uncover more
cases of hyperglycaemia and are, therefore, more
important than fasting measurements.

(ii) If the patient can be sufficiently supervised and thus
reasonably protected against hypoglycaemia in the
hospital or outpatient clinical setting, early insulin
therapy could be recommended as the most rational
preventive strategy. Exogenous insulin seems more
reasonable in this setting than administration of first-
line oral antidiabetics for patients with renal insuffi-
ciency, at least agents such as the insulin secretagogues,
since they are not known to restore beta-cell function
[160] and might, therefore, even worsen the insulin
secretion problem over time. The right timing and the
threshold for given hyperglycaemia values when
insulin therapy should be started may be debateable.
These queries also await more data from the currently

ongoing clinical studies (ITP-NODAT, NCT01683331;
SAPT-NODAT, NCT01680185). However, a relatively
high glucose threshold of 200 mg/dL—evening or
fasting—cannot plausibly be questioned on clinical
or scientific grounds.

(iii) Active lifestyle modification including dietitian refer-
ral, exercise programme and weight loss advice
benefits KTRs with IGT [134] and should be incor-
porated in any preventive measure. However, lifestyle
modifications may be more difficult to reinforce than
pharmacological interventions, particularly early after
transplantation when NODAT risk is greatest.

Regarding oral anti-hyperglycaemics, their specific
advantages and risks for KTRs are discussed further
below. We are currently not aware of published data on
the use of oral anti-hyperglycaemics against early post-
transplant hyperglycaemia in order to prevent overt
NODAT at later time points, but the use of oral agents
that are not known to worsen beta-cell function may
potentially be beneficial. An interesting safety/efficacy
study that initiates sitagliptin in KTRs without a history
of T2DM at 2 weeks post-transplantation in order to
prevent NODAT has been started at the University of Ne-
braska in 2009 (NCT00936663).

Fig. 3. A case of NODAT prevention after renal transplantation. A 47-year-old male with body mass index 21 kg/m2, without diabetes, with family
history of diabetes and without hepatitis C infection, underwent transplantation with a deceased donor kidney. Manifestation of end-stage renal
disease (glomerulonephritis) had been 25 years ago (one previous graft, functioning for 18 years). The patient agreed to participate in the Treat-to-
target TIP-study [37] and was randomized to the long-acting insulin treatment group. Although not required for the study protocol, this patient
measured glucose at least twice daily throughout the course of one whole year, and his mean daily glucose values are displayed in the figure. In
contrast to all other treatment patients, and not explicitly foreseen for the study protocol, this patient went back to injecting long-acting insulin three
times after having been weaned off (which was not initially revealed to the study investigators), because he noted a rise in glucose levels upon high-
dose corticosteroid treatment for rejection. As shown in the figure, HbA1c increased from baseline to the 3-month follow-up OGTT, despite insulin
therapy and continuously decreased thereafter. The 2 h glucose level during the OGTT was excellent at 12 months, but higher before (data in the
figure). OGTT-derived beta-cell function (IGI, displayed in the figure) was excellent at 12 months only. Insulin sensitivity (OGIS index, displayed in
the figure) increased slightly towards the 12-month follow-up visit, but not nearly as strongly as insulin secretion: Specifically, from 6 to 12 months,
OGIS increased by 7%, while IGI increased by 600%. At 2 years after the end of study follow-up, when that patient was additionally contacted, he
reported excellent glycaemic control revealed during sporadic self-measurements of glucose, his most recent HbA1c had been 5.3%. Asterisk denotes
that the y-axis units are in mg/dL for glucose, mg for prednisone, IU for insulin. Double asterisks denote during 3 days, the patient received 1000 mg
of methylprednisolone, equivalent to 1250 mg of prednisone, outside the range of the axis.

NODAT Review 7

 at Pennsylvania State U
niversity on Septem

ber 15, 2016
http://ndt.oxfordjournals.org/

D
ow

nloaded from
 

http://ndt.oxfordjournals.org/


In summary on NODAT prevention, previous concepts
were often based on monitoring fasting glucose, although
evening glucose is better suited for the detection of hyper-
glycaemia in patients who receive glucocorticoids. Tai-
lored immunosuppression may only be of limited benefit.
As risk factor-independent prevention strategies, we rec-
ommend early insulin therapy against severe postoperative
hyperglycaemia, along with lifestyle modification rather
than altering immunosuppression. In the future, more
experience will be gained from randomized controlled
trials, but also by further clinical application of this prac-
tice. Areas of interest include the efficacy and safety of
various long-acting insulin regimens, the glucose
threshold for insulin initiation, ideal glycaemic targets,
the benefit of individual insulin therapy strategies (e.g.
basal/basal-bolus therapy, continuous subcutaneous
insulin infusion, etc.) and finally also the potential im-
provement of hard outcomes through control of post-
transplant hyperglycaemia, which is by itself associated
with mortality [22]. Finally, whether oral anti-hypergly-
caemics, when used against postoperative hyperglycae-
mia, may prevent overt NODAT at later time points also
remains to be determined in this setting.

Treatment of NODAT in the absence or after
failure of prevention

As a simplification, we here define ‘stable’ KTRs as
having lived ≥3 months post-transplantation without re-
quiring haemodialysis at the time of evaluation. When
such patients have not received adequate, preventive man-
agement during their early postoperative period, they may
present with signs of NODAT at the outpatient transplant
clinic: elevated HbA1c and/or elevated random glucose.
Depending on centre practice, stable KTRs may still be
undergoing or may have completed glucocorticoid taper-
ing or withdrawal schemes and their degree of renal func-
tion may be variable. Although aggressive lifestyle
modification has been shown to improve glycaemic
control [134], its long-term sustainability is doubtful and
pharmacological intervention will likely be necessary.
Anti-hyperglycaemic treatment options for such patients
will, therefore, be discussed here below.

Anti-hyperglycaemic agents

The available anti-hyperglycaemics have been previously
reviewed [32, 38, 39, 133] and are summarized in
Table 1. As with any medical intervention, attaining the
balance between maximizing efficacy and minimizing
harm is of crucial importance. Briefly, renal function must
be taken into account before starting a sulphonylurea, bi-
guanide (metformin), meglitinide (glinide), glucagon-like
peptide (GLP)-1 agonist or a dipeptidase (DPP)-4 inhibi-
tor (gliptin), while cardiovascular risk and heart failure
must be considered for the thiazolidinediones (TZDs, e.g.
pioglitazone). Gastrointestinal side effects may, at least
for alpha-glucosidase inhibitors (acarbose), not be a
concern clinically, but they limit the acceptance of treat-
ment, especially in the context of concomitant

mycophenolate mofetil immunosuppression. Regarding
exogenous insulin therapy, the complex association
between insulin and cancer risk identified in observational
studies [161] may be less problematic with short duration
of insulin administration. Hypoglycaemia, therefore,
remains the predominant problem in insulin therapy,
although this risk is—in attenuated form—also evident
for the insulin secretagogues, especially sulphonylureas.

Available evidence for anti-hyperglycaemic treatment
in KTRs

A review of the literature highlights the lack of random-
ized controlled trials, and the paucity of observational
and/or retrospective studies, even of short-term duration.
Turk et al. compared the use of repaglinide, a short-acting
meglitinide, with rosiglitazone (insulin-sensitizing TZD)
in stable KTRs with NODAT (diagnosed median of 4
months post-transplantation) [162]. In this observational
analysis, a similar efficacy and tolerable side effect profile
was observed between the repaglinide (n = 23) and rosigli-
tazone groups (n = 21). Lane et al. reported on safety and
efficacy of sitagliptin, a DPP-4 inhibitor that improves
insulin secretion via an incretin effect, in 15 KTRs diag-
nosed with NODAT over a 3-month period [163].
Pietruck et al. published their experience with rosiglita-

zone in 22 KTRs with NODAT, diagnosed 3 months post-
transplantation [164]. Over a mean follow-up of 10
months, 16 patients were deemed to have had successful
treatment compared with six deemed unsuccessful. Piogli-
tazone has been shown to be safe in KTRs with T2DM
(not NODAT) and no influences on tacrolimus metab-
olism have been observed [165]. Although metformin is
the most established insulin sensitizer, its experience is
limited to a single retrospective report of 24 KTRs [166].
This retrospective study compared metformin with TZDs
in stable KTRs with NODAT or pre-existing diabetes mel-
litus over a mean duration of 16 months post-transplan-
tation and showed equivalent efficacy and no safety
concerns.
The results from randomized controlled trials exploring

the use of anti-hyperglycaemic agents in kidney transplan-
tation are not yet publicly available, but this gap in the
literature is now being rectified. Werzowa et al. recently
showed that pioglitazone (n = 16) and vildagliptin (n = 16)
led to reductions in HbA1c and glucose tolerance in
KTRs with IGT compared with placebo (n = 16) [167].
Another study comparing vildagliptin and placebo in
KTRs with overt NODAT is still ongoing [168].

Previous and novel recommendations

The 2003 international consensus guidelines rec-
ommended a stepwise approach to the treatment of
NODAT, namely non-pharmacological therapy, followed
by oral agent monotherapy, oral agent combination
therapy, then insulin ± oral agents and ultimately insulin
monotherapy [33]. This recommendation, specifically the
stepwise approach, has not been repeated by recent
reviews [32, 38, 39, 133], but has formally also not yet
been questioned, thereby remaining the only expert con-
sensus at the disposal of the transplant community today.
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With respect to many of the aforementioned arguments,
however, we disagree with the stepwise approach even for
NODAT treatment in stable KTRs (not just for NODAT
prevention), for the following reasons:

(i) During the crucial period up to 6 months post-trans-
plantation when hyperglycaemia is prominent and
subsequent incidence of overt (or full-blown)
NODAT is highest [23, 31, 169], the disease does not
begin insidiously, as T2DM, but has a much faster
onset, even if hyperglycaemia may have been over-
looked early after transplantation. Thus, the treatment
should be more aggressive, and not solely focussed
on lifestyle interventions, in order to restore normal
glucose metabolism.

(ii) In light of the reported evidence indicating that
NODAT is predominantly an insulin secretion
problem, oral agent monotherapy—especially with

sulphonylureas—may even aggravate beta-cell
decline via islet cell exhaustion.

(iii) Even in T2DM, beta-cell preservation is becoming a
major focus [118, 160, 170]. In hyperglycaemic
KTRs as well as stable KTRs with full-blown
NODAT, insulin can be more easily administered than
in type 2 diabetics because glucose levels are likely
higher early on, patients are used to complex medi-
cations and have frequent control visits.

Thus, in contrast to the 2003 international consensus guide-
lines [33], novel recommendations could argue for intermit-
tent insulin therapy first, potentially even for treating overt
NODAT in stable KTRs. If patients have relatively high
daily glucose levels (≥200 mg/dL) and can be kept under
surveillance, insulin initiation may be safe, with respect to
hypoglycaemia. Owing to the nature of the incidence curve

Table 1. Currently available anti-hyperglycaemic agents

Agent Mechanism of action Advantages Disadvantages Adjustment in
renal allograft
dysfunctiona

Biguanides (metformin) Insulin sensitizing Efficacy (micro and macrovascular
end points), no hypoglycaemia, no
weight gain, drug cost

Gastrointestinal side effects, risk
of lactic acidosis in renal
impairment

eGFR 30–45
mL/min
(caution)b

eGFR < 30 mL/
min (avoid)b

Sulphonylureas (glipizide,
gliclazide, etc.)

Stimulation of insulin
secretion

Efficacy (microvascular end
points), drug cost

Hypoglycaemia, weight gain,
accumulates in renal failure

⇓ dose

Thiazolidinediones
(rosiglitzazone,
pioglitazone)

Insulin sensitizing More sustained glucose
control

Weight gain, oedema, drug cost,
adverse cardiovascular effects,
fracture risk, risk of bladder
cancer

Nonspecific

Meglitinides (repaglinide1,
nateglinide2)

Stimulation of insulin
secretion

Reduces postprandial
hyperglycaemia, safe with
advancing renal failure1

Hypoglycaemia, weight gain,
drug cost, dose adjustment in
renal failure2

Nonspecific

Alpha glucosidase
inhibitors (acarbose)

Decreases
gastrointestinal
carbohydrate absorption

No hypoglycaemia, weight neutral Gastrointestinal side effects eGFR < 25 mL/
min (avoid)

GLP-1 agonists
(exenatide3, liraglutide4)

Stimulates insulin
secretion, decreases
glucagon production,
stimulates satiety

No weight gain (possible
reduction), low risk of
hypoglycaemia, lowers
blood pressure

Gastrointestinal side effects, risk
of pancreatitis altered drug
absorption, drug cost, renal
impairment, antibody
production3

eGFR3 30–50
mL/min (use
with caution)
eGFR3 < 30 mL/
min (avoid)
eGFR4 < 60 mL/
min (avoid)

DPP-4 inhibitors
(sitagliptin5, vildagliptin6,
linagliptin6, saxagliptin7)

Decreases inactivation of
incretins (GLP-1)

No weight gain Drug cost, risk of pancreatitis,
putative link to certain cancers

5eGFR < 50 mL/
min (avoid)
6No dose
adjustment
required
7⇓ dose

Insulin Exogenous
administration of primary
glycaemia countering
hormone

Efficacy (micro and macrovascular
end points), no ceiling of
treatment, range of insulin types
for individualization

Weight gain, subcutaneous
administration, hypoglycaemia,
putative link to certain cancers

Often ⇓
requirement

GLP-1 = glucagon-like peptide 1, DPP-4 = dipeptidase-4, CNI = calcineurin inhibitor, eGFR = estimated glomerular filtration rate.
aAdapted from British National Formulary (www.bnf.org).
bThese cut-off values may not apply outside the UK.
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of overt NODAT, bending horizontally to an almost stable
incidence rate and thereby paralleling T2DM in the general
population after the steep increase within the first 1–6
months post-transplantation [23, 31, 169], NODAT devel-
opment at late time points could, however, be linked to the
traditional risk factors more than to risk factor-independent
mechanisms discussed here above.

In the absence of larger trials, we still suggest to avoid
sulphonylureas, due to the risk of beta-cell exhaustion.
DPP-4 inhibitors (gliptins) and biguanides (metformin)
may be more reasonable alternatives in light of their
specific advantages and adverse effects. DPP-4 inhibitors
have been shown to preserve pancreatic beta-cell function
in diabetic animal models [171, 172], which may render
their application in NODAT patients potentially of inter-
est. Alpha-glucosidase inhibitors and TZDs are not
irrational choices, but these agents seem harder to
endorse, due to the public debate concerning TZD safety
[173] and knowing that many patients will not accept
acarbose because of frequent diarrhoea and flatulence.

The metformin debate and future agents–time
to collaborate

Theoretically, metformin has many advantages in the
context of transplantation that should promote it as the oral
anti-hyperglycaemic agent of choice for the majority of
KTRs [174]. However, there is an ongoing debate regarding
the safety of metformin in the complicated transplantation
milieu and polypharmacy of KTRs [175]. The heightened
concerns regarding metformin use in KTRs are understand-
able but unsubstantiated, and run the risk of overlooking
one of the most efficacious oral anti-hyperglycaemic agents
available, which has virtually no drug interactions and
therefore, actually minimizes the risk of polypharmacy.
Because such discussions can only be attenuated in the
context of a randomized controlled trial assessing safety
and efficacy, it is now time to collaborate [176]. Emerging
anti-hyperglycaemic agents that are currently under evalu-
ation in various stages of development and trials are high-
lighted in Table 2. These drugs should also be thoroughly
evaluated for use in the context of kidney transplantation.

In summary on NODAT treatment, the 2003 inter-
national consensus guideline-based, stepwise approach to
the management [33] does not appear reasonable, even
for stable KTRs. Owing to the probable deficiency in
insulin secretion, intermittent insulin therapy aimed at pre-
serving and/or restoring beta-cell function may be the pre-
ferable option, as has even been argued for type 2

Table 2. Anti-hyperglycaemic agents in development

Agent Mechanism of action Advantages Disadvantages

Sodium-dependent glucose
transporters 2 inhibitors

Block renal glucose reabsorption in the
proximal tubule

Possible natriuretic effect,
action independent of insulin,
little risk of hypoglycaemia

Glycosuria may increase the risk of
genitourinary infections and exacerbate
pro-fibrotic pathways, risk of
dehydration

Glucokinase inhibitors Activate glucokinase ‘glucose-sensors’
in both pancreatic and hepatic cells

Dual action on both liver and
pancreas, weight neutral
(possible reduction)

Safety (glucokinase expressed in
neuronal cells), effect on kidney
unknown

Glucagon antagonists Blocks the antagonistic action of
glucagon versus insulin

Glucagon integral to whole
body glucose homeostasis

Awaiting further investigation

Bile acid sequestrants
(cholestyramine, colestimide
and colesevelam)

Unknown (possible pleiotropic effect
of lipid lowering)

Beneficial effects on abnormal
lipid profiles, safe in renal
impairment

Gastrointestinal side effects very
common, disruption of fat-soluble
vitamin absorption

Amylin analogues Synthetic analogue of beta-cell
hormone amylin —delays gastric
emptying, increases satiety and inhibits
glucagon production

Weight neutral (possible
reduction), safe in mild-to-
moderate renal impairment

Subcutaneous administration, risk of
hypoglycaemia, gastrointestinal side
effects, not available outside USA

Fig. 4. Hyperglycaemia and NODAT incidence after transplantation and
possible consequences of early intervention. Plus denotes that the
cumulative incidence of hyperglycaemia post-transplantation was
adopted from original results reported in the TIP-study [37], e.g. 21 of 25
patients (84%) had blood glucose ≥200 mg/dL by postoperative Day 10
and 23 of 25 patients (92%) by postoperative Day 18. Double plus
denotes that the cumulative incidence of overt NODAT post-
transplantation was adopted from original results reported by Woodward
et al. in tacrolimus-treated KTRs [31], using the USRDS’s February 2001
data release. As discussed by the authors, by using the second
International Coding of Diseases-9 coding for a diagnosis of diabetes
after transplantation to define NODAT, they obtained ‘conservative
estimates’ of the disease incidence. Because NODAT coding in this data
set obtained prior to 2001 was very likely based on anti-hyperglycaemic
treatment (not on hyperglycaemia itself ), we applied the term overt
NODAT in the figure legend. Today’s incidence of NODAT is much
higher, namely 40% by the third year post-transplantation, as reported by
the USRDS [20]. Although the figure legend describes a ’hypothesized’
effect of early intervention, this is not fully hypothetical, as no patient in
the TIP-study required anti-hyperglycaemic treatment, clinically, at the 1-
year post-transplant follow-up visit [37]. NODAT, new-onset diabetes
after transplantation.
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diabetics [159, 160]. This approach, however, is limited
when glucose levels are relatively low. Among oral anti-
diabetics, the biguanide metformin could become our
anti-hyperglycaemic agent of choice after transplantation
[174], if safety can be shown prospectively.

Prevention versus treatment

The difference between overt or full-blown NODAT re-
quiring long-term anti-hyperglycaemic treatment [31] and
post-transplant hyperglycaemia [37] is depicted in
Figure 4. This figure moreover presents a hypothesis on
the consequences of early preventive intervention, as well
as showing (in the right lower corner) those patients who
will potentially require long-term anti-hyperglycaemic
treatment. Our hypothesis that a marked reduction in
NODAT incidence after renal transplantation could result
in matching the diabetes incidence rate in the general
population may seem provocative at first sight, but is in
fact based on the results of our previous study [37], where
no patient at 1-year post-transplantation required anti-
hyperglycaemic treatment, but will of course undergo sub-
sequent re-evaluation.

Conclusion

Reaching a thorough understanding of new-onset diabetes
development after renal transplantation is more than a
challenging, intellectual goal; it is a necessity for making
proper treatment decisions. The remarkably high incidence
of early post-transplant hyperglycaemia, when measured in
the evenings rather than fasting, suggests an opportunity
for intervention with immediate insulin therapy to ‘protect
islet cells’ and potentially prevent subsequent overt
NODAT. This new concept is derived from evidence at
early stages of T2DM and from a limited trial in trans-
plant recipients. Until a currently ongoing, major clinical
trial yields further insights, it may be reasonable to apply
this concept under close supervision of patients with post-
transplant hyperglycaemia.
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