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ABSTRACT

Post-liver transplantation diabetes melli-
tus (PLTDM) develops in up to 30% of liver
transplant recipients and is associated with
increased risk of mortality and multiple morbid
outcomes. PLTDM is a multicausal disorder, but
the main risk factor is the use of immunosup-
pressive agents of the calcineurin inhibitor (CNI)
family (tacrolimus and cyclosporine). Additional
factors, such as pre-transplant overweight,
nonalcoholic steatohepatitis and hepatitis C virus
infection, may further increase risk of developing
PLTDM. A diagnosis of PLTDM should be estab-
lished only after doses of CNI and steroids are
stable and the post-operative stress has been
overcome. The predominant defect induced by
CNI is insulin secretory dysfunction. Plasma glu-
cose control must start immediately after the
transplant procedure in order to improve long-

term results for both patient and transplant.
Among the better known antidiabetics, met-
formin and DPP-4 inhibitors have a particularly
benign profile in the PLTDM context and are the
preferred oral agents for long-term management.
Insulin therapy is also an effective approach that
addresses the prevailing pathophysiological
defect of the disorder. There is still insufficient
evidence about the impact of newer families of
antidiabetics (GLP-1 agonists, SGLT-2 inhibitors)
on PLTDM. In this review, we summarize current
knowledge on the epidemiology, pathogenesis,
course of disease and medical management of
PLTDM.
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INTRODUCTION

The importance of transplantation as a treat-
ment for many types of organ failure is on the
rise. In the USA alone, 33,610 transplant pro-
cedures were performed in 2016 and 28,748
were reported to the United Network for Organ
Sharing (UNOS) from January to November
2017 [1]. Liver is the second most commonly
transplanted organ, representing 23.3% of all
transplant procedures [1].

According to the European Liver Transplant
Registry, which included more than 93,000 liver
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transplants (LT) between 1968 and 2009, the
most frequent indication for LT is cirrhosis
secondary to viral hepatitis or alcohol abuse.
After cirrhosis, the most frequent indications
are primary liver tumors and cholestatic disease
(primary biliary cirrhosis or extra hepatic biliary
atresia) [2]. The survival rate of LT patients has
improved drastically in recent years, reaching
nearly 85% at 1 year and 73% at 5 years in the
European registry. The respective rates in the
USA are 88% and 70% [3]. The rate of 1-year
graft survival currently reaches 80–90% in the
USA and Europe and is close to 70% in Brazil
and other Latin American countries [4, 5]. Still,
nearly 30% of deaths in LT patients are caused
by cardiovascular or cerebrovascular diseases
[2].

While there has been a great improvement in
the survival of LT patients, the world is experi-
encing a sharp increase in the prevalence of
diabetes mellitus (DM). DM is a chronic disease
characterized by high levels of plasma glucose
secondary to a deficit of insulin activity that
results in multiple metabolic disturbances.
Approximately 422 million people are known to
be affected by DM up to 2014 [6], and this fig-
ure is expected to rise worldwide as societies
become older, more obese and more sedentary
[7]. In 2012, DM caused an estimated 3.7 mil-
lion deaths, most of them due to cardiovascular
diseases (CVD) [8]. DM also leads to significant
morbidity associated to chronic complications,
such as blindness, kidney failure, lower limb
amputation, stroke and non-fatal cardiovascular
events [9].

One of the most frequent complications
after liver transplantation is the development
of post-liver transplantation diabetes mellitus
(PLTDM). In addition to all the well-known
complications of DM, PLTDM is associated
with reduced graft function, increased risk of
transplant loss and worsened patient survival
[10].

PLTDM can be defined as a degree of hyper-
glycemia that is consistent with current defini-
tions of DM in a patient who has received a LT.
A reliable diagnosis of PLTDM must be made
after the patient has been discharged and doses
of immunosuppressive agents have been
tapered and are stable [11].

The aim of this review is to summarize the
essential aspects of the definition, risk factors,
pathophysiology and medical management of
PLTDM. We therefore performed literature
searches in PubMed, Embase, Google Scholar
and Scielo using the following terms alone, in
combination or as part of Boolean operators:
‘‘Liver transplant,’’ ‘‘hepatic transplant,’’ ‘‘trans-
plantation,’’ ‘‘liver graft,’’ ‘‘calcineurin inhibi-
tors,’’ ‘‘tacrolimus,’’ ‘‘cyclosporine,’’ ‘‘steroids,’’
‘‘rejection,’’ ‘‘diabetes,’’ ‘‘diabetes mellitus,’’
‘‘hyperglycemia,’’ ‘‘diabetes treatment,’’ ‘‘antidi-
abetic’’ and ‘‘insulin.’’ We also consulted the
references of prior reviews, consensus reports
and meta-analyses on post-transplant DM. We
did not have any a priori exclusion criteria
based on language or publication date.

Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

EPIDEMIOLOGY OF PLTDM

There is wide variation in the reported inci-
dence of PLTDM in the literature. This stems
partially from a lack of consensus over the past
decades regarding an operational definition and
from the use of different criteria by different
research groups. International Consensus
Guidelines developed in 2014 [11] recommend
the use of either the World Health Organization
[12] or American Diabetes Association [13] cri-
teria (see section Diagnosis of PLTDM). How-
ever, discrepancies in the definition of PLTDM
still persist among studies. Additionally, since
some cases of PLTDM may be transient, the
length of the follow-up and time to diagnosis
influence the overall reported incidence
[14–17]. When the incidence of PTLDM is nor-
malized by year, studies of shorter duration
tend to report higher incidences, while longer
follow-up periods yield lower estimates
(Table 1). This difference reflects the self-re-
solving nature of PLTDM in a fraction of
patients. The cumulative incidence of PLTDM
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during the first year after transplantation ranges
from 10.8 to 33%, which represents a remark-
able burden to any health system, given all the
consequences detailed further in this review.

The reported average yearly incidence of
PLTDM ranges from 3.3 to 30.8% (Table 1).

Table 1 Incidence of post-liver transplantation diabetes mellitus in various studies

Reference Population Median
follow-up
(years)

Incidence
1 year post-
transplant
(%)

Average incidence
during follow-up
(% per year)

Definition

[19] 902 LDLT;

19,582

DDLT

5.0 12.2 4.6 At least one record of diabetes after

transplantation in UNOS. Criteria differed

by center.

[14] 161 LDLT 4.2 10.8 3.3 ADA/WHO 2003 [18]

[20] 15,463 1.9 21.7 14.1 At least one record of diabetes after

transplant in UNOS. Criteria differed by

center.

[15] 430 1.0 19.0 19.0 Two RPG measurements C 200 mg/dL at

least 30 days apart or use of antidiabetic

medications for C 30 consecutive days or

HbA1c C 6.5%

[35] 763 2.6 33.0 13.5 Two FPG measurements C 126 mg/dL at

least 30 days after transplantation or use of

antidiabetic agents

[21] 115 LDLT 2.9 26.1 11.1 ADA/WHO 2003, excluding cases diagnosed

in first 3 months after transplant [18]

[30] 158 4.7 NR 8.3 De novo and persistent hyperglycemia

requiring long-term treatment with

antidiabetic medications.

[22] 169 1.0 30.8 30.8 ADA/WHO 2003 [18]

[31] 225 1.0 17.0 17.0 ADA 2010. Patients still on corticosteroids

4 months after transplant were excluded.

[27] 364 3.6 16.9 5.3 ADA/WHO 2003 or HbA1c C 6.5% [18]

[16] 555 5.0 NR 1.9 (3.6 for

transient DM)

Use of antidiabetic medication or DM

diagnosis in medical record

[24] 18,741 3.1 13.0 9.5 ADA/WHO 2003 [18]

[25] 10,204 2.6 22.9 9.3 ADA/WHO 2003 [18]

ADA American Diabetes Association, DDLT deceased-donor liver transplant, DM diabetes mellitus, FPG fasting plasma
glucose, HbA1c glycated hemoglobin A1c, LDLT living-donor liver transplant, NR not reported, RPG random plasma
glucose, UNOS United Network for Organ Sharing, WHO World Health Organization
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Risk Factors for PLTDM

Risk factors for PLTDM can be classified into
two groups: those associated with the develop-
ment of DM in the general population and
those specifically associated with increased DM
risk among LT recipients (Fig. 1).

In the first group, ‘‘classical’’ risk factors for
PLTDM with robust evidence support include
older age [16–25], male sex [17, 19, 24, 25], high
body-mass index (BMI) [19, 20, 24, 25], pre-
transplant impaired fasting glucose [26–28],
family history of DM [26] and African American
or Hispanic ethnicity [20, 29].

Conditions that predispose particularly to
development of DM after a LV include hepatitis
C virus (HCV) [15–20, 24, 26, 28, 30–33] or
cytomegalovirus [22, 25] infection and
immunosuppressive therapy with high-dose
corticosteroids [14, 15, 20, 24, 25, 34] or cal-
cineurin inhibitors (CNIs; tacrolimus or cyclos-
porine) [16, 20, 21, 23, 24, 26, 35, 36].
Nonalcoholic steatohepatitis (NASH) is a strong
risk factor for the development of type 2

diabetes (T2DM) in the general population [37],
and there is no reason to believe that this
association would be any different in patients
who have received a LT.

Some less well-established determinants of
PLTDM in the recipient are statin therapy [27],
central body fat distribution prior to trans-
plantation [32], low magnesium levels before
and 1 month after surgery [22], hyperglycemia
in the first post-transplant month [25, 36] and
stay in the intensive care unit (ICU) [ 15 days
[25].

Donor characteristics also play a key role in
predisposing or protecting from PLTDM. Fac-
tors associated with increased risk are age [
60 years [19, 20], male gender [25], computed
tomography scan- or biopsy-diagnosed liver
steatosis [14, 35] and deceased liver donor
[15, 25]. In a study of Japanese recipients of
living donor liver transplants, cholinesterase
plasma levels of \185 IU/L (as a measure of
liver function in the donor) were an indepen-
dent risk factor [21].

Fig. 1 Risk factors for the development of post-liver transplant diabetes mellitus (PLTDM). HCV Hepatitis C virus, CMV
cytomegalovirus, LT liver transplant, ICU intensive care unit, BMI body mass index, T2DM type 2 DM
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Among the variables related to the trans-
plant procedure itself, a cold ischemia time of[
9 h [25] is detrimental. The use of induction
therapy with agents other than corticosteroids
as part of the immunosuppressive regime has
been found to be a protective factor against
PLTDM in several studies, two of which used
basiliximab, a monoclonal antibody directed to
the interleukin-2 receptor [20, 24]. Acute graft
rejection also predisposes to PLTDM
[19, 22, 24, 38], but a causal link is hard to
establish given that acute rejections are usually
treated with high doses of corticosteroids,
which induce hyperglycemia [30].

PATHOGENESIS OF PLTDM

CNIs and PLTDM

Calcineurin inhibitors are a family of highly
effective immunosuppressive drugs that have
revolutionized transplantation medicine over
the last 40 years. Both cyclosporine and tacro-
limus were developed by multidisciplinary
research teams working at pharmaceutical
companies and searching for immunosuppres-
sants with a mild profile of cytotoxic adverse
effects [39]. Cyclosporine is a hydrophobic
cyclic undecapeptide with N-methylated amino
acids that render it resistant to digestion by
gastrointestinal system proteases [40, 41].
Tacrolimus is a macrolide antibiotic with a
slightly better water solubility than cyclospor-
ine. After intestinal absorption and entry into
cells, both of these CNIs bind a cytoplasmic
protein belonging to the immunophilin family:
cyclophilins in the case of cyclosporine and FK-
binding protein (FKBP) in the case of tacrolimus
[41].

The cyclosporine–cyclophilin or tacroli-
mus–FKBP complex inhibits calcineurin, a cal-
cium-dependent phosphatase involved in T-cell
activation and regulation via dephosphoryla-
tion of nuclear factor of activated T-lympho-
cytes (NFAT) [42, 43]. However, calcineurin and
NFAT are relevant not only in immune cells but
also in many other tissues, including kidney,
heart, spleen, liver, testes, brain and pancreas
[44, 45]. In pancreatic beta-cells, calcineurin

promotes the transcription of survival factors
and stimulates the growth and expansion of the
beta-cell mass [46]. Calcineurin is also involved
in metabolic signaling pathways in adipose [47]
and skeletal muscle tissue [48]. Widespread
inhibition of calcineurin by CNIs during
immunosuppressive therapy [45] may therefore
interfere with its action in all these tissues and
lead to potential metabolic side effects (Fig. 2).

The mechanistic factors by which CNIs
contribute to the development of PLTDM are
diverse and include deregulation of insulin
secretion, apoptosis of insulin-producing beta
cells and induction of peripheral insulin resis-
tance. Studies in cultured beta-cells have
reported a reduction of basal and glucose-stim-
ulated insulin secretion after exposure to
cyclosporine, an effect less consistently found
with tacrolimus [49, 50]. In addition to the
inhibition of calcineurin [51], other targets have
been implicated in CNI-induced insulin secre-
tory dysfunction. Of note, tacrolimus treatment
has been observed to reduce the number and
oxygen consumption of beta-cell mitochondria
in vitro, limiting the availability of ATP and
other metabolites essential for secretory path-
ways [52]. Similarly, studies in isolated murine
islets revealed cyclosporine-mediated inhibition
of the permeability transition pore, a mito-
chondrial protein important for the regulation
of cytoplasmic calcium oscillations and there-
fore vesicle-mediated exocytosis [53]. Tacroli-
mus also affects the normal closure of ATP-
sensitive potassium channels [54] and reduces
glucokinase (but not hexokinase) activity [55].

Experiments with reporter genes in hamster
beta cells found that CNIs suppress the tran-
scription of genes whose promoters contain
cAMP-responsive elements [56], many of which
are essential to the survival, replication and
function of beta-cells [57, 58]. In fact, the
administration of tacrolimus to Sprague–Daw-
ley rats negatively impacts their beta cell mass
[59]. The impact of CNIs on peripheral insulin
action does not seem to be as crucial as their
impact on beta-cells, but calcineurin inhibition
does have an effect on insulin sensitivity. When
primary human adipocytes were incubated with
high concentrations of a CNI (100 nM), the
amount and phosphorylation of key
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intermediaries of the insulin signaling pathway
(IRS1/2, p85-PI3 K, PKB, AS160, and mTORC1)
did not change [60], but the membrane content
of glucose transporter 4 (GLUT4) transporters
and the uptake of C14-labeled glucose did
diminish. This effect was apparently due to a
slower vesicle-to-plasma membrane recycling of

GLUT4. Finally, calcineurin inhibition seems to
promote transformation of type I skeletal mus-
cle fibers to less insulin-sensitive type II fibers
[61] (Fig. 2).

Clinical data suggest that the impact of
specific CNIs on glucose metabolism may not be
the same. A meta-analysis of 16 studies

Fig. 2 Pathogenesis of PLTDM/diabetogenic mechanisms
of immunosuppressive drugs frequently employed in liver
transplant (LT) patients. Calcineurin inhibitors (CNIs)
bind to one of the immunophilins (cyclophylins in the case
of cyclosporine and FK506-binding proteins [FKBPs] in
the case of tacrolimus), which in turn inhibit calcineurin
and prevent the dephosphorylation and nuclear transloca-
tion of the transcription factor nuclear factor of activated
T-cells (NFAT). As a consequence, expression of key
transcription factors involved in beta-cell survival is
reduced, including pancreatic and duodenal homeobox 1
(Pdx-1), neurogenic differentiation 1 (neuroD1), hepato-
cyte nuclear factor 4 alpha (Hnf4-a) and hepatocyte
nuclear factor 1 beta (Hnf1-b). Lack of NFAT nuclear
translocation also causes a reduction in the expression of
the glucose transporter 2 (GLUT2) and glucokinase
(GCK) genes and in mitochondrial oxygen consumption
(VO2). In adipose tissue, less NFAT activity reduces

recycling of glucose transporter 4 (GLUT4) and subse-
quently glucose uptake. In muscle tissue, blockage of
NFAT induces a phenotype switch from type I (slow-
twitch) to type II (fast-twitch) fibers. Corticosteroids
(dexamethasone is used here as an example) bind to their
receptor in the cytoplasm, inducing the release of the
chaperone heat shock protein 90 (HSP90) and nuclear
translocation of the glucocorticoid–receptor complex
(GRC). This complex acts as a master regulator of the
expression of multiple genes. The ultimate effects of this
transcriptional response in beta-cells entail deficient exo-
cytosis of insulin granules and eventually apoptosis. In liver
and muscle cells, the transcriptional response to glucocor-
ticoids impairs insulin action, resulting in less glucose
uptake, reduced glycogen synthesis and increased
gluconeogenesis
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involving 3813 patients found a greater degree
of glucose impairment with tacrolimus than
with cyclosporine [62]. A more recent meta-
analysis estimated a PTDLM risk ratio of 0.60
(95% confidence interval [CI] 0.47–0.77) for
cyclosporine relative to tacrolimus [63].

Corticosteroids and PLTDM

Corticosteroids continue to be part of the stan-
dard treatment for immunosuppression during
the early post-transplant period, and they are
known to promote hyperglycemia through a
host of different mechanisms. The corticos-
teroid dexamethasone exhibits cytotoxic [64]
and anti-proliferative [65] effects on beta-cell
lines in vitro. Also, in vitro exposure to corti-
costeroids impairs insulin secretion, an effect
mediated via the upregulation of serum-and-
glucocorticoid-inducible kinase-1 and deterio-
ration of membrane depolarization necessary
for glucose-mediated vesicle exocytosis [66].
Corticosteroids interfere with the insulin sig-
naling pathway, thereby reducing insulin-me-
diated glycogen synthesis [67], GLUT4
translocation and glucose uptake in muscle
[68]. Lastly, corticosteroids increase hepatic
glucose output, further contributing to fasting
hyperglycemia [69] (Fig. 2).

Mammalian Target of Rapamycin
Inhibitors and PLTDM

Mammalian target of rapamycin (mTOR) inhi-
bitors exert their immunosuppressive action by
forming a complex with FKBP (the target of
tacrolimus) and inactivating the protein mTOR.
Inhibition of the mTOR signaling pathway leads
to a decrease of cytokine-mediated T-cell acti-
vation and proliferation [70]. Only everolimus is
approved by both Federal Drug Administration
(FDA) and European Medicines Agency (EMA)
for use in LT recipients. However, sirolimus is
still used in certain LT patients [71]. The meta-
bolic effects reported for these agents are mainly
hypertriglyceridemia and hypercholesterolemia
[72, 73]. The impact of sirolimus on glucose
regulation seems to be less pronounced than
that of CNIs. A study in 23 LT patients evaluated

the impact of conversion to sirolimus after
4 weeks of CNI therapy. Three patients had
developed PLTDM after the use of CNI and had
insulin requirements between 80 and 130 IU per
day. After conversion to sirolimus, daily insulin
requirements dropped to 24–32 IU while blood
glucose levels remained stable [74]. A review of
data from 227 patients with hepatocarcinoma as
an indication for liver transplantation showed a
significantly higher incidence of PLTDM in
patients treated with tacrolimus ? mycopheno-
late (12.3%) versus those treated with sirolimus
(0%; p\0.001) [75].

Common Origins for Serious Liver Disease
and PLTDM

Another hypothesis to explain the high coinci-
dence of DM and LT is that liver diseases for
which a transplant is required and DM have a
common origin. HCV is both the most common
cause of LT in the USA (affecting almost 50% of
the recipients) and a risk factor for DM: a meta-
analysis showed that HCV infection increased
DM by a factor of 1.7 in both retrospective and
prospective studies [76]. HCV infection is posi-
tively associated with the homeostasis model
assessment-insulin resistance (HOMA-IR)
index in humans [77], probably due to impair-
ment of insulin signaling in hepatocytes [78, 79].
Mice transgenic for the HCV core gene exhibit
overexpression of tumor necrosis factor-alpha
(TNF-a), and TNF-a-dependent insulin resistance
[80]. Similarly, alcoholic liver disease is the sec-
ond-most common indication for LT [81] and a
DM risk factor: a recent dose–response meta-
analysis with over 1.9 million individuals con-
cluded that alcohol intakes of [ 120 g/day sig-
nificantly increase the risk of DM [82].

NASH is another common cause of LT, and
the percentage of LT secondary to this condition
is estimated to have increased 35-fold between
2000 and 2005 in the USA [81]. NASH is strongly
associated with metabolic disturbances known to
be risk factors for DM, among which are over-
weight and abdominal obesity [83]. However,
NASH in and of itself is a risk factor for DM and
CVD [84], and many patients develop liver
steatosis de novo after LT [85]. Thus, there is a
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bidirectional relationship between NASH and
DM, also in the post-LT patient.

COURSE OF PLTDM

Persistence of PLTDM

Not all cases of PLTDM persist over time; some
resolve spontaneously. There is substantial dis-
parity in the reported persistence of PLTDM
across studies, probably due to the heterogeneity
of diagnostic criteria and differences in follow-up
length [10, 14, 86, 87]. In a study of 17,184 adult
LT recipients followed for 5 years, 29.2% devel-
oped at least one episode compatible with
PLTDM, but persistence for [ 1 year was only
4.9% of the initially transplanted patients (7.6%
for recipients with NASH) [88]. Characteristics
associated with persistent PLTDM include Afri-
can American race, HCV infection, NASH in the
recipient, higher MELD score and acute cellular
rejection [87, 89]. The authors of a long-term
study of renal transplantation proposed a classi-
fication according to the temporal pattern of
presentation, as follows: early-onset persistent
DM (present in the first year of transplantation
and during the next 7 years), late-onset DM
(occurring after the first year) or transient DM
(diagnosed within the first year but eventually
recovering to normal glycemia) [90]. The impli-
cations of this temporal classification on the
management, prognosis and survival of LT
recipients have not yet been established [91].

Influence of PLTDM on Clinical Outcomes
after LT

Overall Survival
In an analysis of 798 LT patients from the U.S.
National Institute of Diabetes and Digestive and
Kidney Diseases registry, pre-LT diabetes (hazard
ratio [HR] 1.94, CI 1.40–2.68) and post-LT dia-
betes (HR 1.87, CI 1.41–2.48) were predictors of
death after 1 year [92]. Furthermore, in a 5-year
follow-up study of deceased-donor liver trans-
plant recipients, total mortality in patients with
persistent PLTDM was 36.5% compared to 13.9%
in those with transient PLTDM [93]. A Chinese

study of 438 LT patients free of DM before
receiving the transplant found a mean survival
of 4.2 years in recipients who developed PLTDM,
compared to 6.1 years in those without PLTDM
(p\0.001) [10]. Likewise, a study of 35,870 LT
patients from the U.S. Scientific Registry of
Transplant Recipients found a significant inde-
pendent association between both pre-LT DM
and PLTDM and total mortality in the period
between 1994 and 2013 (p\0.001 and
p = 0.004, respectively) [94]. Nonetheless, not all
studies have found an increased mortality rate
among PLTDM patients. Data from a national
registry of LT in Taiwan revealed comparable
11-year survival rates in patients with PLTDM
and those without DM [95]. Despite the hetero-
geneous nature of the evidence, most studies
have documented a significant increase in total
mortality associated with PLTDM.

Cardiovascular Disease

Cardiovascular complications are a major cause
of non-liver-related mortality after LT, repre-
senting 13–28% of all deaths [96–98]. PLTDM
has been identified as an independent predictor
of post-transplantation CVD events. The CVD
rates of patients after a LT were evaluated in a
retrospective analysis of the Organ Procurement
and Transplantation Network/UNOS database.
A comparison of patients with persistent
PLTDM, transient PLTDM, pre-LT DM or LT
without DM, respectively, revealed that those
with persistent PLTDM exhibited the highest
risk (HR 1.95 vs. non-DM; p\0.01) [87]. DM at
1 year after LT is much more frequent among
recipients who develop CVD events than
among those who do not (64 vs. 38%; p\0.001)
[99]. Therefore, the occurrence of PLTDM in LT
recipients puts this group in a special condition
of cardiovascular vulnerability.

Acute Rejection and Graft Failure

In a small single-center matched case–control
study, PLTDM was associated with higher rates
of acute rejection, but not with long-term graft
failure [100]. Yet in a larger, multicenter
prospective study, patients with PLTDM showed

528 Diabetes Ther (2018) 9:521–543



increased risk for graft failure [93]. PLTDM is
also linked to a higher number of rejection
episodes [101]. Data from a large U.S. cohort
showed that pre-transplant DM, PLTDM and
acute rejection were significantly associated
with increased risks for graft failure. However,
after multivariate Cox regression adjustment,
the association between PLTDM and adverse
outcomes did not persist [102]. An important
consideration is that the impact of PLTDM on
survival of the transplanted organ may be
underestimated: patients with PLTDM may
develop rejection, graft failure and subsequent
death. In these patients, however, the only
recorded outcome is mortality. Due to these
complexities, it is not possible based on current
evidence to ascertain whether or not PLTDM
has an independent effect on the risk of graft
rejection or failure.

Infections and Other Complications

In addition to the above-mentioned adverse
outcomes, PLTDM patients also have a signifi-
cantly higher incidence of renal insufficiency
and post-operative bacterial infection [10]. In a
study of adults who required LT due to HCV
infection in the USA, patients with PLTDM
developed more HCV recurrences (59%) and
stage 2 fibrosis than both patients with pre-LT
DM and normal patients [103]. A similar study
in the UK found PLTDM to be a strong inde-
pendent risk factor for the development of a
fibrosis score of C 4 over a 6-year follow-up (HR
3.28; p = 0.004) [104]. In summary, infections
and infection-related complications [26] seem
to be higher in patients with PLTDM.

DIAGNOSIS OF PLTDM

In general, diagnostic criteria for PLTDM are the
same as those for diabetes in the general popu-
lation. Because postprandial hyperglycemia is
much more prevalent than fasting hyper-
glycemia among LT patients [105], the ideal
screening test for PLTDM is the oral glucose
tolerance test (OGTT) [106]. Due to blood losses
associated with the transplant, to preexisting
anemia due to impaired renal function, and

especially to a lack of evidence concerning its
use in the early post-transplant period, HbA1c is
not recommended as a first-line diagnostic test
for PLTDM [100]. A fasting plasma glucose level
of\100 mg/dL (5.5 mmol/L) is considered to be
normal, 100–125 mg/dL (5.5–6.9 mmol/L) is
considered to be impaired fasting glucose (IFG)
and C 126 mg/dL (7 mmol/L) constitutes dia-
betes. A 2-h post-OGTT plasma glucose level of
\ 140 mg/dL (7.7 mmol/L) is considered to be
normal, 140–199 mg/dL (7.7–11.1 mmol/L) is
considered to be impaired glucose tolerance
(IGT) and C 200 mg/dL (11.2 mmol/L) consti-
tutes diabetes. The importance of diagnosing
the pre-diabetic states (IFG and IGT) in the post-
LT context lies in their relevance as predictors of
future PLTDM risk.

PREVENTION OF PLTDM

As in the general population, lifestyle modifi-
cations are the cornerstone of PLTDM preven-
tion in LT recipients. The positive association
between post-transplant BMI increment and
risk of subsequent DM [107] justifies advising
weight loss to LT recipients, although this
should not be encouraged immediately after
surgery to avoid a negative effect on wound
healing [106]. Exercise or an increase in daily
life physical activity should also be recom-
mended [106]. These measures should be stres-
sed in patients in whom risk factors for PLTDM
are identified [11].

An international consensus recommended
screening for post-transplant DM using post-
prandial glycemia and HbA1c, especially in
patients at high risk [11]. The consensus also
established that there is insufficient evidence to
recommend oral antidiabetic agents for pre-
vention in patients with impaired glucose tol-
erance [11].

MANAGEMENT OF PLTDM

Importance of Early Glycemic Control

A retrospective review of 184 LT recipients
showed that strict intraoperative glycemic
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control (\150 mg/dL; actual mean glucose
135 mg/dL) results in a remarkably lower 1-year
mortality compared with less strict control
(C 150 mg/dL; actual mean glucose 184 mg/dL)
(8.8 vs 21.9%; p = 0.05) [108]. In the same
report, patients in the less strict group experi-
enced a cumulative infection rate of 48%,
compared to 30% to those in the tighter control
group (p = 0.02) [108]. In a separate study in a
tertiary care transplantation center, the attain-
ment of a perioperative blood glucose level that
was lower by 31 mg/dL was accompanied by a
significant reduction in infection rates in LT
patients (adjusted odds ratio [OR] 0.22, 95% CI
0.06–0.86) [109]. In a large case series, severe
intraoperative hyperglycemia (C 200 mg/dL)
during liver transplantation was an indepen-
dent risk factor for postoperative surgical site
infection (OR 2.25; 95% CI 1.26–4.03;
p = 0.006) [110].

Poor glycemic control has also been related
with longer stays the ICU on the first admission
(5.6 vs. 3.2 days; p = 0.039) [109] and prolonged
ventilation (OR 4.3, 95% CI 1.28–14.4) [104].
Lastly, a retrospective review of 144 liver and
liver–kidney transplants found lower rejection
rates in patients with in-hospital average glu-
cose levels of \200 mg/dL (35.1 vs 76.7%,
p\0.001) [111].

Immediate Post-Transplant Period

Several factors increase whole-body insulin
requirements during the early post-transplant
period, among them immunosuppression with
steroids, acute pain and surgical stress [112].
Consequently, intravenous or intensive (three
or more injections a day) insulin therapy is the
standard of care during the immediate post-
transplant phase. The safety of bedside glucose-
based, sliding-scale intravenous insulin
schemes in hospitalized LT recipients has been
documented [113]. Nonetheless, it should be
stressed that such schemes demand careful and
frequent glucose monitoring by nursing per-
sonnel. Once patients have returned to a reg-
ular eating pattern, they can be transitioned
into a subcutaneous basal/bolus regimen. For
patients not receiving total parenteral

nutrition, an initial total daily dose of between
0.2 and 0.4 U/Kg is reasonable, of which 50%
should be administered as basal insulin and
50% as prandial insulin. Prandial (fast or ultra-
fast acting insulin) is used at each meal, usually
in a fixed ratio of dietary carbohydrate to
insulin. A good initial ballpark is 1–2 U per
each 15 g carbohydrate. Supplemental doses of
fast-acting insulin should be administered
when blood glucose measurements are outside
treatment goals [114]. A practical initial
approach is to measure blood glucose every
4–6 h and to administer 1–2 U of fast-acting
insulin for every 40–50 mg/dL that the blood
glucose is above 140–150 mg/dL.

Treatment Goals

While the transplanted patient is still hospi-
talized, capillary glucose goals are the same as
those for other hospitalized patients:
140–180 mg/dL in the ICU, and \140 outside
the ICU for pre-meal and \180 mg/dL for 2-h
post-meal or random measurements [114]. For
the PLTDM outpatient, capillary glucose goals
are 70–110 mg/dL for pre-meal measurements
and 70–140 mg/dL for post-meal measure-
ments. Ambulatory HbA1c goals can be defined
according to diabetes duration, presence of
comorbidities and risk of side effects associated
with antidiabetic therapy (i.e. hypoglycemia).
Thus, an HbA1c of \7% is a suitable goal for
most PLTDM patients. For patients with a short
disease duration, younger age and few comor-
bidities aside from their liver problems, an
HbA1c of\6.5% is both feasible and desirable.
For patients with advanced age, multiple
comorbidities, high risk of hypoglycemia and/
or limited life expectancy, an HbA1c of\8.0%
is a more realistic and potentially less iatro-
genic objective. Despite a paucity of long-term
studies evaluating the impact of glycemic
control in patients with PLTDM, a study in LT
recipients with HCV infection found that
patients with tight glycemic control
(\138 mg/dL) had a lower rate of Stage 2
fibrosis development relative to patients with a
glycemic average above 138 mg/dL (78 vs. 60%;
p = 0.027) [103].
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Other relevant treatment goals include CVD
risk factors other than glycemia, as CVD con-
tinues to be a major cause of mortality among
LT patients in general and PLTDM patients in
particular [115]. Smoking should be strongly
discouraged, and support for smoking cessation
should be provided when needed. The level of
low-density lipoprotein (LDL) cholesterol
should be kept at \ 100 mg/dL in PLTDM
patients without prior clinical CVD and at \
70 mg/dL in those with clinical CVD. For
patients with progressive CVD despite receiving
cholesterol-lowering therapy, an LDL choles-
terol level of \55 mg/dL is recommended by
some guidelines [116]. The goal for plasma
triglycerides is \150 mg/dL. However, the
management of plasma triglycerides may be
particularly difficult in patients who receive the
mTOR inhibitors sirolimus or everolimus, as
these agents are clearly associated with marked
hypertriglyceridemia [117]. Since most PLTDM
patients will be receiving a statin for LDL
cholesterol management, it must be borne in
mind that fenofibrate is the fibrate of choice for
combined therapy with statins. Blood pressure
goals can be set according to the most recent
American Heart Association guidelines [118] to
\130/80 mmHg. Patients with PLTDM, like all
other patients with diabetes, must undergo
periodic evaluations of eye and foot care, as
they are not only at increased risk of the usual
complications of DM, but also are particularly
prone to cataracts (due to corticosteroid use)
and soft tissue infections (due to prolonged
immunosuppression).

Nonpharmacological Interventions

The 2014 international consensus guidelines on
post-transplantation DM recommend a stepwise
approach for the management of late post-
transplantation DM that consists of lifestyle
modification followed by oral anti-diabetic
therapy and then insulin therapy [11]. Different
factors influence the decision of which oral anti-
diabetic drug should be the first choice, and
every patient should be evaluated individually.

Maintenance of caloric balance and control
of body weight are essential components of

diabetes management. In patients with kidney
transplants, weight gain during the months
following transplantation is proportional to the
risk of new-onset diabetes, independent of the
pre-transplant BMI [119]. Also in kidney trans-
plant recipients, a 6-month intensive lifestyle
modification program that included referral to a
dietitian, a structured exercise program and
weight loss advice induced regression to nor-
moglycemia in up to 44% of IGT patients [120].
Randomized trials are needed in which the
overall impact of structured diet and exercise
can be specifically assessed in the PLTDM
population.

Pharmacological Interventions

Metformin
Metformin controls hyperglycemia by reducing
hepatic glucose production and improving
peripheral insulin sensitivity without weight
gain or hypoglycemia [121]. Even though met-
formin is the first-line treatment for T2DM
[122], its use in PLTDM is still not widely
advised due to a relative scarcity of evidence
[11]. Part of the reluctance to recommend
metformin is based on a perceived increase in
the risk of lactic acidosis associated with renal
and hepatic disease. However, the translation of
this biological plausibility into clinical out-
comes has been challenged by several studies. In
a retrospective study of T2DM patients treated
with metformin, 36 patients developed liver
disease and continued to receive the medica-
tion, yet not a single one of them developed
lactic acidosis [123]. It has actually been shown
that continuation of metformin after a diagno-
sis of cirrhosis is a predictor of better survival
compared to discontinuation on the grounds of
hepatic disease [124]. Despite the lack of clinical
trials in LT patients, in one study there were no
cases of lactic acidosis and no decrease in
glomerular filtration rate (GFR) with metformin
use in kidney transplant recipients [125].

Sulfonylureas
There are very few studies evaluating sulfony-
lureas (SUs) in patients with post-transplant di-
abetes, but their use has continued empirically
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for many years. SUs directly stimulate insulin
release by closing the ATP-dependent K? chan-
nel in pancreatic beta-cells, irrespective of con-
current plasma glucose. This mechanism may
result in hypoglycemia, weight gain [126], beta-
cell death [127] and progressive loss of efficacy
[128]. Another significant pitfall to the use of
SUs in PLTDM is the potential for drug–drug
interactions due to shared hepatic metabolism
pathways with other medications commonly
used in this type of patient [129]. Nonetheless,
one study showed that glipizide did not alter
cyclosporine concentration in renal transplant
recipients [130]. Altogether, there is insufficient
evidence to recommend SUs as a rational treat-
ment choice in PLTDM.

Meglitinides
Repaglinide and nateglinide induce insulin
secretion in a glucose-dependent manner. Their
rapid onset and short duration of action reduces
the risk of hypoglycemia compared to the SUs
[131]. Meglitinides undergo extensive hepatic
metabolism, which may be an indication that
caution is warranted in patients with PLTDM
[129]. Nevertheless, their overall efficacy and
safety have been documented in renal trans-
plant patients [132, 133]. In five patients with
chronic viral hepatitis, repaglinide did not
increase transaminase levels [132].

Thiazolidinediones
Rosiglitazone and pioglitazone are agonists of
peroxisome proliferator-activated receptor
gamma (PPAR-c), a transcription factor mostly
expressed in adipose tissue. Thiazolidinediones
(TZDs) improve insulin sensitivity and lower
plasma triglycerides [134]. Two small studies in
solid organ recipients with pre- or post-trans-
plant diabetes evaluated the efficacy and safety
of TZD [135, 136]. Both studies added a TZD to
insulin, glyburide or repaglinide treatment and
found a sizable reduction in HbA1c level
(1.2–1.3%) and insulin dose (10–40 U/day) over
8–12 months, with no changes in plasma crea-
tinine or CNI levels. A larger study was per-
formed with rosiglitazone in 32 liver and eight
kidney recipients with post-transplant diabetes.
Body weight and plasma creatinine and

transaminases were stable over the 26-week
follow-up. Of the 33 patients initially on insu-
lin, 30 no longer required it at the end of the
study period. The percentage goal (HbA1c\7%)
achievement was 30% with rosiglitazone
monotherapy and 62.5% with combined
rosiglitazone ? SU therapy [137]. Despite these
encouraging results, the adverse cardiovascular
profile of rosiglitazone has prompted its with-
drawal from several markets in the world [138].
Meanwhile, pioglitazone has been reported to
reduce all-cause mortality, non-fatal myocardial
infarction and stroke in patients with DM [139],
and it is available in many countries.

DPP-4 Inhibitors
Dipeptidyl peptidase-4 (DPP-4) inhibitors prolong
the half-life of endogenous incretins (glucagon-
like peptide-1 [GLP-1] and glucose-dependent
insulinotropic peptide [GIP]), resulting in an
antihyperglycemic effect [140]. Interest in DPP-4
inhibitors for the management of PTLDM has
surged in recent years, as incretins counteract the
diabetogenic actions of immunosuppressant
drugs [141]. Notably, increased levels of DPP-4
have been reported in LT patients with HCV but
not other etiologies [142].

Evidence supporting the use of DPP-4 inhi-
bitors in post-transplant diabetes comes mainly
from kidney recipients. Linagliptin [143], vil-
dagliptin [144] and sitagliptin [145] lower
HbA1c levels to 0.3–0.6% without significant
alterations in the GFR, immunosuppressant
levels or liver function tests. A descriptive study
of 65 kidney recipients on different DPP-4
inhibitors found linagliptin to have the greatest
effect on HbA1c and the smallest effect on
cyclosporine levels [146]. DPP-4 inhibitors have
also been used in combination with other
agents. In one study 45 kidney recipients with
diabetes on metformin were randomized to
sitagliptin or insulin glargine. After 12-weeks,
safety and efficacy were comparable between
groups, but sitagliptin was associated with
weight reduction [147].

GLP-1 Analogues
Glucagon-like peptide-1, a gastrointestinal hor-
mone of the incretin family, possesses not only
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antidiabetic but potentially antihypertensive,
anti-inflammatory, anti-apoptotic and
immunomodulatory actions as well [148]. GLP-
1 analogues bind the GLP-1 receptor but are
resistant to DPP-4 degradation. These agents
lack hepatic metabolism and hence have lim-
ited drug–drug interactions, but they do slow
gastric emptying, potentially impairing
immunosuppressant absorption [129]. No clin-
ical trials of GLP-1 in patients with PLTDM have
been reported. One case series of five kidney
transplant recipients with post-transplant dia-
betes reported the safety of liraglutide admin-
istered for 21 days, without changes in
tacrolimus levels [149]. In the same study, glu-
cose levels at 60 and 120 min after an OGTT
were lower with liraglutide at day 21 compared
to baseline.

SGLT2 Inhibitors
The sodium-glucose cotransporter type 2
(SGLT2) mediates the reabsorption of glucose in
the proximal tubule of the nephron. SGLT2
inhibitors (‘‘gliflozins’’) induce glycosuria and
thereby reduce glycemia, body weight and
blood pressure; they also reduce cardiovascular
morbidity and mortality and slow the progres-
sion of kidney disease over the long term in
patients with T2DM [150–153]. Their use in
PLTDM is limited, as evidence of their safety in
this context is scarce. Treatment with empagli-
flozin in rats with tacrolimus-induced diabetes
reduced hyperglycemia and increased plasma
insulin levels and islet size; it also enhanced
glucose-induced insulin secretion in isolated
pancreatic tissue [154]. In a case series of
patients with diabetes after a heart transplant,
empagliflozin reduced weight, furosemide dose
and blood pressure, albeit changes in HbA1c
were non-significant [155]. In a group of ten
kidney recipients, canagliflozin improved gly-
cemic control, weight and blood pressure [156].
Despite concurrent immunosuppression and
glycosuria, there were no reports of urinary tract
infections in either study.

Ambulatory Insulin Therapy
Due to the above-mentioned effects of CNI on
insulin production and secretion by beta-cells,

many patients with PLTDM require some sort of
ambulatory insulin therapy to reach glycemic
control [103, 157]. There are no randomized
trials evaluating the use of insulin for the long-
term management of PLTDM compared to
other antidiabetic therapies, but a rational
conduct is to continue insulin therapy in
patients who are discharged with good glycemic
control and no hypoglycemia. Nevertheless, it is
crucial to make prompt adjustments in insulin
dose and/or timing in the early post-discharge
days, as many factors that increase insulin
requirements during hospitalization will rapidly
subside. For adjustments in basal insulin dose,
the so called 3-0-3 scheme is a safe approach
previously employed in several clinical trials
[158, 159]. If fasting capillary blood glucose
(CBG) is between 80 and 110 mg/dL, basal
insulin is kept at the current dose. If fasting
CBG is above 110 mg/dL, basal insulin dose is
increased by 3 units, if fasting CBG is below
80 mg/dL, basal insulin is reduced by 3 units. In
a patient with regular eating habits, adjust-
ments in prandial insulin doses can be guided
by 2-h postprandial CBG measurements: if val-
ues are above 140 mg/dL, the prandial insulin
dose of the preceding meal can be increased by
1–2 units, while if values are below 70 mg/dL
the dose should be reduced by 1–2 units [160].

Impact of Immunosuppressive Regime
on PTLDM Management

Despite the advent of safer and more effective
immunosuppressive agents, steroids remain the
most commonly used therapy for the induction
and treatment of rejections, based on their
efficacy and low cost. However, steroids have a
well-recognized diabetogenic effect [161]. The
tapering or withdrawal of steroids in order to
diminish their metabolic effects is a controver-
sial issue. In one clinical trial, 502 LT recipients
with HBV infection were randomized to one of
four steroid-minimization protocols (steroid
withdrawal after 6 months, 3 months or
14 days, or complete avoidance of steroid ther-
apy). After 3 years of follow-up, hyperglycemia
and diabetes were significantly more frequent in
patients on the two longer protocols, without

Diabetes Ther (2018) 9:521–543 533



any difference in patient survival, graft survival
or chronic rejection among the four groups
[162]. Another randomized trial of 82 adult LT

patients found that ‘‘almost avoidance’’ of ster-
oids (withdrawal within 24 h of receiving the
transplant) was associated with much lower

Table 2 Key concepts about post-liver transplant diabetes mellitus

Key concepts about PLTDM

What is PLTDM?

-PLTDM is any diabetes detected for the first time after a

LT, once doses of immunosuppressants are tapered and

stable

How should PLTDM be managed?

- Optimal glycemic control during the early post-operative

period is best achieved with carefully supervised, in-hospital

intensive insulin regimes. Early control has a great impact

on the long-term prognosis of transplant and patient

-Patients with PLTDM, like any patient with diabetes,

should be counseled on therapeutic lifestyle changes

-For long-term PLTDM outpatient management, there is

scarce evidence to support the choice of one antidiabetic

agent over another

-Metformin has a desirable mechanism of action in the

context of PLTDM. Risk of lactic acidosis does not seem to

be increased in LT patients

-The potential risk for drug–drug interactions and risk of

hypoglycemia make sulfonylureas not the optimal choice

for PLTDM

-Small studies have reported benefits with the use of

thiazolidinediones in PLTDM, but the availability of these

medications is limited in many parts of the world

-DPP-4 inhibitors have limited efficacy, but a good safety

record in PLTDM

-Newer families of antidiabetics (GLP-1 analogues and

SGLT2 inhibitors) have been assessed for PLTDM only in

small case series so far.

-Ambulatory insulin therapy is a feasible and effective way

of controlling PLTDM, but dose adjustments must be

done carefully and following clear, pre-established glycemic

goals.

-When adjusting immunosuppressive regimes, prevention of

rejection should take preeminence over potentially adverse

glycemic effects, which may be managed with a variety of

strategies

Why is PLTDM important?

-The number of LTs is rapidly increasing, and so is the

frequency of PLTDM.

-PLTDM impairs the survival of both graft and patient, and

increases the risk of multiple undesirable outcomes in the

short and long term

What causes PLTDM?

-Many patients develop PLTDM as a side effect of

immunosuppressive therapy. Some others develop PLTDM

because they bear the usual risk factors for type 2 diabetes.

-The main mechanism by which CNIs cause PLTDM is by

harming insulin-producing beta-cells. Glucocorticoids

precipitate PLTDM mostly by inducing insulin resistance

in target tissues

DDP-4 Dipeptidyl peptidase-4, GLP-1 glucagon-like peptide 1, PLTDM Post-liver transplant diabetes mellitus, SGLT2
sodium-glucose cotransporter type 2
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insulin requirements 1 week post-transplant
compared to a more conventional regime (20.5
vs. 39.6 Units; p\0.05) [163]. Other studies
suggest that patients with older age or HCV as a
cause for LT would specially benefit from an
early steroid withdrawal protocol [164, 165].
Further, a retrospective analysis of 330 patients
found no difference in PLTDM, hyperlipidemia
or cardiovascular events at 4 years after the LT
between patients with steroid withdrawal by
3 months or those with steroid withdrawal by
3–12 months post-procedure [166].

Of note, a recent meta-analysis of 16 clinical
trials reported that steroid avoidance or with-
drawal was accompanied by increased acute
rejection (relative risk [RR] 1.33, 95% CI
1.08–1.64) and steroid-resistant rejection (RR
2.14, 95% CI 1.13–4.02), while achieving only a
modest reduction in the risk of PLTDM (RR
0.81, 95% CI 0.66–0.99). These results clearly
illustrate that glycemic control should not
jeopardize patient and graft survival [167]. That
does not mean, however, that steroids should
be used liberally: one study assessed the impact
of reducing the methylprednisolone dose from
10–15 mg per day to 5 mg per day during the
first year in renal transplant recipients and
found positive effects on insulin sensitivity
[168]. Unfortunately, the optimal steroid dose
needed to achieve a balance between preven-
tion of LT rejection episodes and avoidance of
glycemic impairment is still unknown.

Concerning CNIs, tapering of tacrolimus
may have a positive effect on glucose tolerance
[169, 170], but there are no trials directly aimed
at assessing the influence of different CNI dos-
ing regimens on glycemic control in PLTDM. A
few trials have assessed metabolic outcomes
after the change in treatment regimen from
tacrolimus to cyclosporine, reporting
notable benefits [171, 172]. Whether persistence
of PLTDM is a sufficient indication for a change
of immunosuppressant is still not well
established.

CONCLUSION

Post-liver transplant diabetes mellitus is a fre-
quent condition with potentially disastrous

consequences. PLTDM should be screened for,
timely diagnosed and intensively managed.
Clinicians in charge of caring for LT recipients
should bear in mind key concepts about PLTDM
(Table 2).
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53. Düffer M, Drews P, Lembert N, Idahl L, Drews G.
Diabetogenic effect of cyclosporin a is mediated by
interference with mitochondrial function of pan-
creatic B-Cells. Mol Pharmacol. 2001;60:873–9.

54. Fuhrer DK, Kobayashi M, Jiang H. Insulin release
and suppression by tacrolimus, rapamycin and
cyclosporin A are through regulation of the ATP-
sensitive potassium channel. Diabetes Obes Metab.
2001;3:393–402.

55. Radu RG, Fujimoto S, Mukai E, Takehiro M, Shi-
mono D, Nabe K, et al. Tacrolimus suppresses glu-
cose-induced insulin release frompancreatic islets
by reducing glucokinase activity. Am J Physiol
Endocrinol Metab. 2005;288:E365–71.

56. Siemann G, Blume R, Grapentin D, Oetjen E, Sch-
waninger M, Knepel W. Inhibition of cyclic AMP
response element-binding protein/cyclic AMP
response element-mediated transcription by the
immunosuppressive drugs cyclosporin A and FK506
depends on the promoter context. Mol Pharmacol.
1999;55:1094–100.

57. Furman B, Ong WK, Pyne NJ. Cyclic AMP signaling
in pancreatic islets. Adv Exp Med Biol.
2010;654:281–304.

58. Jhala US, Canettieri G, Screaton RA, Kulkarni RN,
Krajewski S, Reed J, et al. cAMP promotes pancreatic
beta-cell survival via CREB-mediated induction of
IRS2. Genes Dev. 2003;17:1575–80.

59. Shivaswamy V, Bennett RG, Clure CC, Ottemann B,
Davis JS, Larsen JL, et al. Tacrolimus and sirolimus
have distinct effects on insulin signaling in male
and female rats. Transl Res. 2014;163:221–31.

60. Pereira MJ, Palming J, Rizell M, Aureliano M, Car-
valho E, Svensson MK, et al. Cyclosporine A and
tacrolimus reduce the amount of GLUT4 at the cell
surface in human adipocytes: increased endocytosis
as a potential mechanism for the diabetogenic
effects ofimmunosuppressive agents. J Clin Endo-
crinol Metab. 2014;99:E1885–94.

61. Chin ER, Olson EN, Richardson JA, Yang Q,
Humphries C, Shelton JM, et al. A calcineurin-de-
pendent transcriptional pathway controls skeletal
muscle fiber type. Genes Dev. 1998;12:2499–509.

62. Haddad E, Saunders R, McAlister V, Renouf E, Mal-
thaner R, Kjaer MS, et al. Cyclosporin versus tacro-
limus for liver transplanted patients. Cochrane
Database Syst Rev. 2006;18(4):CD005161. https://
doi.org/10.1002/14651858.CD005161.pub2.

63. Muduma G, Odeyemi I, Saunders R, Pollock R.
Systematic review and meta-analysis of tacrolimus
versus ciclosporin as primary immunosuppression
after liver transplant. PLoS One. 2016;11:e0160421.

64. Fransson L, Rosengren V, Saha TK, Grankvist N,
Islam T, Honkanen RE, et al. Mitogen-activated
protein kinases and protein phosphatase 5 mediate
glucocorticoid-induced cytotoxicity in pancreatic
islets and b-cells. Mol Cell Endocrinol.
2014;383:126–36.

65. Colvin ES, Ma HY, Chen YC, Hernandez AM, Fueger
PT. Glucocorticoid-induced suppression of b-cell
proliferation is mediated by Mig6. Endocrinology.
2013;154:1039–46.

66. Ullrich S, Berchtold S, Ranta F, Seebohm G, Henke
G, Lupescu A, et al. Serum- and glucocorticoid-in-
ducible kinase 1 (SGK1) mediates glucocorticoid-
induced inhibition of insulin secretion. Diabetes.
2005;54:1090–9.

67. Ruzzin J, Wagman AS, Jensen J. Glucocorticoid-in-
duced insulin resistance in skeletal muscles: defects
in insulin signalling and the effects of a selective
glycogen synthase kinase-3 inhibitor. Diabetologia.
2005;48:2119–30.

538 Diabetes Ther (2018) 9:521–543

http://dx.doi.org/10.1002/14651858.CD005161.pub2
http://dx.doi.org/10.1002/14651858.CD005161.pub2


68. Weinstein SP, Wilson CM, Pritsker A, Cushman SW.
Dexamethasone inhibits insulin-stimulated recruit-
ment of GLUT4 to the cell surface in rat skeletal
muscle. Metabolism. 1998;47:3–6.

69. Rooney DP, Neely RD, Cullen C, Ennis CN, Sheri-
dan B, Atkinson AB, et al. The effect of cortisol on
glucose/glucose-6-phosphate cycle activity and
insulin action. J Clin Endocrinol Metab.
1993;77:1180–3.

70. Waldner M, Fantus D, Solari M, Thomson AW. New
perspectives on mTOR inhibitors (rapamycin,
rapalogs and TORKinibs) in transplantation. Br J
Clin Pharmacol. 2016;82:1158–70.

71. Klintmalm GB, Nashan B. The role of mTOR inhi-
bitors in liver transplantation: reviewing the evi-
dence. J Transplant. 2014;2014:1–45.

72. Abdelmalek MF, Humar A, Stickel F, Andreone P,
Pascher A, Barroso E, et al. Sirolimus conversion
regimen versus continued calcineurin inhibitors in
liver allograft recipients: a randomized trial. Am J
Transplant. 2012;12:694–705.

73. Masetti M, Montalti R, Rompianesi G, Codeluppi M,
Gerring R, Romano A, et al. Early withdrawal of
calcineurin inhibitors and everolimus monotherapy
in de novo liver transplant recipients preserves
renal function. Am J Transplant. 2010;10:2252–62.

74. Ju WQ, Guo ZY, Liang WH, Wu LW, Tai Q, Hu AB,
et al. Sirolimus conversion in liver transplant
recipients with calcineurin inhibitor-induced com-
plications: efficacy and safety and after conversion
to sirolimus their requirements of insulin decrease.
Exp Clin Transplant. 2012;10:132–5.

75. Chinnakotla S, Davis GL, Vasani S, Kim P,
Tomiyama K, Sanchez E, et al. Impact of sirolimus
on the recurrence of hepatocellular carcinoma after
liver transplantation. Liver Transpl.
2009;15:1834–42.

76. White DL, Ratziu V, El-Serag HB. Hepatitis C infec-
tion and risk of diabetes: a systematic review and
meta-analysis. J Hepatol. 2008;49:831–44.

77. Hui JM, Sud A, Farrel GC, Bandara P, Byth K, Kench
JG, et al. Insulin resistance is associated with
chronic hepatitis C and virus infection fibrosis
progression. Gastroenterology. 2003;125:1695–704.

78. Aytug S, Reich D, Sapiro LE, Bernstein D, Begum N.
Impaired IRS-1/PI3-kinase signaling in patients with
HCV: a mechanism for increased prevalence of type
2 diabetes. Hepatology. 2003;38:1384–92.

79. Negro F. Facts and fictions of HCV and comorbidi-
ties: steatosis, diabetes mellitus, and cardiovascular
diseases. J Hepatol. 2014;61:S69–78.

80. Shintani Y, Fujie H, Miyoshi H, Tsutsumi T, Tsuka-
moto K, Kimura S, et al. Hepatitis C virus infection
and diabetes: direct involvement of the virus in the
development of insulin resistance. Gastroenterol-
ogy. 2004;126:840–8.

81. University of California, San Francisco division of
transplantation: Liver transplant. https://
transplant.surgery.ucsf.edu/conditions–procedures/
liver-transplant.aspx. Accessed 20 Oct 2017.

82. Craig K, Bell S, Britton A. Alcohol consumption and
the risk of type 2 diabetes: a systematic review and
dose-response meta-analysis of more than 1.9 mil-
lion individuals from 38 observational studies.
Diabetes Care. 2005;38:1804–12.

83. Jakobsen MU, Berentzen T, Sørensen TI, Overvad K.
Abdominal obesity and fatty liver. Epidemiol Rev.
2007;29:77–87.

84. Lonardo A, Nascimbeni F, Mantovani A, Targher G.
Hypertension, diabetes, atherosclerosis and NASH:
Cause or consequence? J Hepatol.
2017;68(2):335–52.

85. Gitto S, Villa E. Non-alcoholic fatty liver disease and
metabolic syndrome after liver transplant. Int J Mol
Sci. 2016;17:490.

86. Zayed R, Bahgat M, Wahab M, El-Etreby S, Saad R,
Elmorsy F. Prevalence and risk factors of new onset
diabetes after liver transplantation (NODAT): a
single Egyptian center experience. Arch Dig Disord.
2017;1:7.

87. Roccaro G, Goldberg D, Hwang W, Judy R,
Thomasson A, Kimmel S, et al. Sustained post-
transplantation diabetes is associated with long-
term major cardiovascular events following liver
transplantation. Am J Transplant. 2017;20:1.

88. Stepanova M, Henry L, Garg R, Kalwaney S, Saab S,
Younossi Z. Risk of de novo post-transplant type 2
diabetes in patients undergoing liver transplant for
non-alcoholic steatohepatitis. BMC Gastroenterol.
2015;15:175. https://doi.org/10.1186/s12876-015-
0407-y

89. Ahn HY, Cho YM, Yi NJ, Suh KS, Lee KU, Park KS,
et al. Predictive factors associated with the
reversibility of post-transplantation diabetes melli-
tus following liver transplantation. J Korean Med
Sci. 2009;24:567–70.

90. Hur KY, Kim MS, Kim YS, Kang ES, Nam JH, Kim SH,
et al. Risk factors associated with the onset and
progression of posttransplantation diabetes in renal
allograft recipients. Diabetes Care. 2007;30:609–15.

91. Abe T, Onoe T, Tahara H, Tashiro H, Ishiyama K, Ide
K. Risk factors for development of new-onset

Diabetes Ther (2018) 9:521–543 539

https://transplant.surgery.ucsf.edu/conditions%e2%80%93procedures/liver-transplant.aspx
https://transplant.surgery.ucsf.edu/conditions%e2%80%93procedures/liver-transplant.aspx
https://transplant.surgery.ucsf.edu/conditions%e2%80%93procedures/liver-transplant.aspx
http://dx.doi.org/10.1186/s12876-015-0407-y
http://dx.doi.org/10.1186/s12876-015-0407-y


diabetes mellitus and progressive impairment of
glucose metabolism after living-donor liver trans-
plantation. Transpl Proc. 2014;46:865–9.

92. Watt K, Pedersen R, Kremers W, Heimbach J,
Charlton M. Evolution of causes and risk factors for
mortality post-liver transplant: results of the NIDDK
long-term follow-up study. Am J Transplant.
2010;10:1420–7.

93. Moon J, Barbeito R, Faradji R, Gaynor J, Tzakis A.
Negative impact of new-onset diabetes mellitus on
patient and graft survival after liver transplantation:
long-term follow up. Transplantation.
2006;82:1625–8.

94. Younossi Z, Stepanova M, Saab S, Kalwaney S, Cle-
ment S, Henry L, et al. The impact of type 2 diabetes
and obesity on the long-term outcomes of more
than 85,000 liver transplant recipients in the US.
Aliment Pharmacol Ther. 2014;40:686.

95. Liu FC, Lin JR, Chen HP, Tsai YF, Yu HP. Prevalence,
predictive factors, and survival outcome of new-
onset diabetes after liver transplantation: a popu-
lation-based cohort study. Medicine (Baltimore).
2016;95:e3829.

96. Schoening W, Buescher N, Rademacher S, Andreou
A, Kuehn S, Neuhaus R, et al. Twenty-year longitu-
dinal follow-up after orthotopic liver transplanta-
tion: a single-center experience of 313 consecutive
cases. Am J Transplant. 2013;13:2384–94.

97. Bhati C, Idowu M, Sanyal A, Rivera M, Driscoll C,
Stravitz R, et al. Long-term outcomes in patients
undergoing liver transplantation for nonalcoholic
steatohepatitis-related cirrhosis. Transplantation.
2017;101:1867–74.

98. D’Avola D, Cuervas-Mons V, Martı J, Urbina J, Llado
L, Jimenez C, et al. Cardiovascular morbidity and
mortality after liver transplantation: the protective
role of mycophenolate mofetil. Liver Transpl.
2017;23:498.

99. Albeldawi M, Aggarwal A, Madhwal S, Cywinski J,
Lopez R, Eghtesad B, et al. Liver cumulative risk of
cardiovascular events after orthotopic liver trans-
plantation. Liver Transpl. 2012;18:370–5.

100. John PR, Thuluvath PJ. Outcome of patients with
new-onset diabetes mellitus after liver transplanta-
tion compared with those without diabetes melli-
tus. Liver Transpl. 2002;8:708–13.

101. Navasa M, Bustamante J, Marroni C, Gonzalez E,
Andrew H, Esmatjes E, et al. Diabetes mellitus after
liver transplantation: prevalence and predictive
factors. J Hepatol. 1996;25:64–71.

102. Kuo H, Lum E, Martin P, Bunnapradist S. Effect of
diabetes and acute rejection on liver transplant
outcomes: an analysis of the organ procurement
and transplantation network/united network for
organ sharing database. Liver Transpl. 2016;22:796.

103. Morbitzer KA, Taber DJ, Pilch NA, Meadows HB,
Fleming JN, Bratton CF, et al. The impact of dia-
betes mellitus and glycemic control on clinical
outcomes following liver transplant for hepatitis C.
Clin Transplant. 2014;28:862–8.

104. Foxton MR, Quaglia A, Muiesan P, Heneghan MA,
Portmann B, Norris S, et al. The impact of diabetes
mellitus on fibrosis progression in patients trans-
planted for hepatitis C. Am J Transplant.
2006;6:1922–9.

105. Ducloux D, Motte G, Vautrin P, Bresson-Vautrin C,
Rebibou JM, Chalopin JM. Polycystic kidney disease
as a risk factor for post-transplant diabetes mellitus.
Nephrol Dial Transplant. 1999;14:1244–6.

106. Shivaswamy V, Boerner B, Larsen J. Post-transplant
diabetes mellitus: causes, treatment, and impact on
outcomes. Endocr Rev. 2016;37:37–61.

107. Tokodai K, Amada N, Kikuchi H, Haga I, Takayama
T, Nakamura A. Posttransplant increase of body
mass index is associated with new-onset diabetes
mellitus after kidney transplantation. Tohoku J Exp
Med. 2013;229:227–32.

108. Ammori JB, Sigakis M, Englesbe MJ, O’Reilly M,
Pelletier SJ. Effect of intraoperative hyperglycemia
during liver transplantation. J Surg Res.
2007;140:227–33.

109. Wallia A, Parikh N, O’Shea-Mahler E, Schmidt K,
DeSantis AJ, Tian L, et al. Glycemic control by a
glucose management service and infection rates
following liver transplantation. Endocr Pract.
2011;17:546–51.

110. Park C, Hsu C, Neelakanta G, Nourmand H,
Braunfeld M, Wray C, et al. Severe intraoperative
hyperglycemia is independently associated with
surgical site infection after liver transplantation.
Transplantation. 2009;81:1031–6.

111. Wallia A, Parikh N, Molitch M, Mahler E, Tian L,
Huang J, et al. Post-transplant hyperglycemia is
associated with increased risk of liver allograft
rejection. Transplantation. 2010;89:222–6.

112. Pei D, Chen TW, Kuo YL, Hung YJ, Hsieh CH, Wu
LY, et al. The effect of surgical stress on insulin
sensitivity, glucose effectiveness and acute insulin
response to glucose load. J Endocrinol Invest.
2003;26:397–402.

540 Diabetes Ther (2018) 9:521–543



113. Keegan MT, Vrchota JM, Haala PM, Timm JV. Safety
and effectiveness of intensive insulin protocol use
in post-operative liver transplant recipients. Trans-
plant Proc. 2010;42:2617–24.

114. Boerner B, Shivaswamy V, Goldner W, Larsen J.
Management of the hospitalized transplant patient.
Curr Diab Rep. 2015;15:19.

115. VanWagner LB, Lapin B, Skaro AI, Lloyd-Jones DM,
Rinella ME. Impact of renal impairment on cardio-
vascular disease mortality after liver transplantation
for nonalcoholic steatohepatitis cirrhosis. Liver Int.
2015;35:2575–83.

116. Jellinger PS, Handelsman Y, Rosenblit PD, Bloom-
garden ZT, Fonseca VA, Garber AJ, et al. American
Association of Clinical Endocrinologists and Amer-
ican College of Endocrinology guidelines for man-
agement of dyslipidemia and prevention of
cardiovascular disease. Endocr Pract.
2017;23:479–97.

117. Sivendran S, Agarwal N, Gartrell B, Ying J, Boucher
KM, Choueiri TK, et al. Metabolic complications
with the use of mTOR inhibitors for cancer therapy.
Cancer Treat Rev. 2014;40:190–6.

118. Whelton PK, Carey RM, Aronow WS, Casey DE,
Collins KJ, Himmelfarb CD, et al. 2017 ACC/AHA/
AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/
PCNA guideline for the prevention, detection,
evaluation, and management of high blood pres-
sure in adults. Hypertension. 2017. https://doi.org/
10.1161/HYP.0000000000000065.

119. Kim Y, Kim JR, Choi H, Hwang JW, Jang HR, Lee JE,
et al. Patients with persistent new-onset diabetes
after transplantation have greater weight gain after
kidney transplantation. J Korean Med Sci.
2013;28:1431–4.

120. Sharif A, Moore R, Baboolal K. Influence of lifestyle
modification in renal transplant recipients with
postprandial hyperglycemia. Transplantation.
2008;85:353–8.

121. Sharif A. Should metformin be our antiglycemic
agent of choice post-transplantation? Am J Trans-
plant. 2011;11:1376–81.

122. American Diabetes Association. Pharmacologic
approaches to glycemic treatment. Diabetes Care.
2017;40:S64–74.

123. Emslie-Smith AM, Boyle DI, Evans JM, Sullivan F,
Morris AD. Contraindications to metformin therapy
in patients with Type 2 diabetes—a population-
based study of adherence to prescribing guidelines.
Diabet Med. 2001;18:483–8.

124. Zhang X, Harmsen WS, Mettler TA, Kim WR,
Roberts RO, Therneau TM, et al. Continuation of
metformin use after a diagnosis of cirrhosis signifi-
cantly improves survival of patients with diabetes.
Hepatology. 2014;60:2008–16.

125. Kurian B, Joshi R, Helmuth A. Effectiveness and
long-term safety of thiazolidinediones and met-
formin in renal transplant recipients. Endocr Pract.
2008;14:979–84.

126. UK Prospective Diabetes Study (UKPDS) Group.
Intensive blood-glucose control with sulphony-
lureas or insulin compared with conventional
treatment and risk of complications in patients with
type 2 diabetes (UKPDS 33). Lancet.
1998;352:837–53.

127. Maedler K, Carr RD, Bosco D, Zuellig RA, Berney T,
Donath MY. Sulfonylurea induced beta-cell apop-
tosis in cultured human islets. J Clin Endocrinol
Metabol. 2005;90:501–6.

128. Jenssen T, Hartmann A. Emerging treatments for
post-transplantation diabetes mellitus. Nat Rev
Nephrol. 2015;11:465–77.

129. Vanhove T, Remijsen Q, Kuypers D, Gillard P. Drug-
drug interactions between immunosuppressants
and antidiabetic drugs in the treatment of post-
transplant diabetes mellitus. Transplant Rev (Or-
lando). 2017;31:69–77.

130. Sagedal S, Asberg A, Hartmann A, Bergan S, Berg KJ.
Glipizide treatment of post-transplant diabetes does
not interfere with cyclosporine pharmacokinetics in
renal allograft recipients. Clin Transplant.
1998;12:553–6.

131. Malaisse WJ. Pharmacology of the meglitinide
analogs: new treatment options for type 2 diabetes
mellitus. Treat Endocrinol. 2003;2:401–14.

132. Türk T, Pietruck F, Dolff S, Kribben A, Janssen OE,
Mann K, et al. Repaglinide in the management of
new-onset diabetes mellitus after renal transplan-
tation. Am J Transplant. 2006;6:842–6.

133. Voytovich MH, Haukereid C, Hjelmesaeth J, Hart-
mann A, Løvik A, Jenssen T. Nateglinide improves
postprandial hyperglycemia and insulin secretion
in renal transplant recipients. Clin Transplant.
2007;21:246–51.

134. Kahn CR, Chen L, Cohen SE. Unraveling the
mechanism of action of thiazolidinediones. J Clin
Invest. 2000;106:1305–7.

135. Luther P, Baldwin D Jr. Pioglitazone in the man-
agement of diabetes mellitus after transplantation.
Am J Transplant. 2004;4:2135–8.

Diabetes Ther (2018) 9:521–543 541

http://dx.doi.org/10.1161/HYP.0000000000000065
http://dx.doi.org/10.1161/HYP.0000000000000065


136. Baldwin D Jr, Duffin KE. Rosiglitazone treatment of
diabetes mellitus after solid organ transplantation.
Transplantation. 2004;77:1009–14.

137. Villanueva G, Baldwin D. Rosiglitazone therapy of
posttransplant diabetes mellitus. Transplantation.
2005;80:1402–5.

138. Rizos CV, Kei A, Elisaf MS. The current role of thi-
azolidinediones in diabetes management. Arch
Toxicol. 2016;90:1861–81.

139. Dormandy JA, Charbonnel B, Eckland DJ, Erdmann
E, Massi-Benedetti M, Moules IK, et al. Secondary
prevention of macrovascular events in patients with
type 2 diabetes in the PROactive Study (PROspective
pioglitAzone clinical trial in macrovascular events):
a randomised controlled trial. Lancet.
2005;366:1279–89.

140. Neumiller JJ, Wood L, Campbell RK. Dipeptidyl
peptidase-4 inhibitors for the treatment of type 2
diabetes mellitus. Pharmacotherapy.
2010;30:463–84.

141. Sadhu AR, Schwartz SS, Herman ME. The rationale
for use of incretins in the management of new onset
diabetes after transplantation (NODAT). Endocr
Pract. 2015;21:814–22.
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