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 Despite impressive improvements in the 1-year graft survival for kidney transplanta-
tion, which has risen from 60% to 95% over the last few decades, little progress has been made 
in long-term graft survival. Half of the grafted and functional kidneys are lost within 10-12 
years after transplantation because of premature recipient mortality; cardiovascular disease be-
ing a leading cause of both death and graft loss in this population. Many dialysis patients have 
acquired into end-stage kidney diseases because of diabetes, but among those non-diabetic 
patients, the majority suffer from a constellation of cardiovascular risk factors, including over-
weight, hypertension, dyslipidemia, and insulin resistance. After kidney transplantation, recipi-
ents often experience about 10-15% of weight gain,1 owing to increased appetite by steroids, 
as well as the loss of uremia and dietary restrictions from the dialysis period. Additionally, 
many recipients experience difficulties with exercise due to comorbid conditions like sarcope-
nia, amputations, or heart failure. All these circumstances make a perfect breeding ground for 
the development of diabetes after transplantation, or post-transplant diabetes (PTDM). PTDM 
develops from the interplay of transplant-specific factors such as immunosuppressive drugs on 
top of all these traditional risk factors.2 PTDM is a relatively common complication after kid-
ney transplantation that influences graft and patient survival, and is defined as a type of diabetes 
that occurs after a transplant procedure in patients who did not present any remarkable feature 
of diabetes before the transplantation. The timing for diagnosis has not been clearly established 
but most PTDM happen during the first three months after transplantation,3 which is the period 
with the greatest exposure to the immunosuppressive cocktail. Therefore, the disease seems to 
develop because of the effect of immunosuppressive drugs in both insulin sensitivity (in pe-
ripheral tissues) and insulin secretion (by pancreatic beta-cells). However, minimising or with-
drawing immune suppression is often unwanted because of the fear of rejection, and it remains 
difficult to lose weight after transplantation. Since no established therapy exists to prevent or 
revert PTDM, understanding the mechanisms involved in the effects of the immunosuppressive 
therapies in pancreatic beta-cells will be essential to improve preventive and therapeutic strate-
gies for transplant recipients. 

 Calcineurin inhibition is one of the corner stones for current immunosuppressive regi-
mens,4 it is based on two major drugs: tacrolimus and cyclosporine-A; tacrolimus being the 
most widely used now-a-days. The traditional paradigm is that calcineurin inhibition acts not 
only in lymphocytes, but also subsequently the main action of the drug itself induces failures 
in insulin production/secretion by inhibiting the calcineurin/nuclear factor of activated T-cells 
(NFAT) pathway in pancreatic beta-cells.5 However, trial and registry data have demonstrated 
that the use of tacrolimus increases the risk of PTDM when compared with cyclosporine-A,6 
while both drugs share calcineurin as target. The general thought is that tacrolimus is more 
diabetogenic because it is a more potent calcineurin inhibitor; but taking into account that 
the trough levels used in clinical practise for cyclosporine-A are usually 20-times higher than 
those used for tacrolimus, the inhibition of the phosphatase calcineurin is not different between 
drugs.7 Additionally, when those clinical trough levels were used to treat beta-cells in culture, 
the same grade of calcineurin activity and NFAT activation was observed.8 So the higher dia-
betogenicity of tacrolimus must be due to some other factors in addition to the inhibition of 
calcineurin.  
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 Porriniet al9 analysed separately, kidney recipients with normal levels of triglycerides in blood before the transplantation 
from those with hypertriglyceridemia (hypertriglyceridemia is one of the characteristics of the metabolic syndrome). Their results 
showed that the use of tacrolimus as main immunosuppressive drug significantly increased the risk of developing PTDM compared 
with patients on cyclosporine-A, only in the hypertriglyceridemic group. In the absence of hypertriglyceridemia the risk for develop-
ing PTDM was the same for both calcineurin inhibitors. Additionally, in a study developed in obese Zucker rats, an animal model 
of insulin resistance that can compensate the increased demand of insulin not developing diabetes by itself, tacrolimus caused more 
diabetes than cyclosporin (100% vs. 40%), whereas neither tacrolimus nor cyclosporine-A caused diabetes in lean (insulin sensitive) 
Zucker rats.10 In these animals, tacrolimus reduced beta-cell proliferation compared with cyclosporine-A, together with a reduc-
tion in insulin levels and in islet area, but apoptosis was not identified as a reason for beta-cell failure or islet area reduction in this 
model. Consequently, the toxic effect of tacrolimus on pancreatic beta-cells depends on the pre-existence of metabolic alterations 
induced by increased levels of lipids, increased oxidative stress or an increased demand of insulin due to insulin resistance. Further-
more, both cessation of tacrolimus and conversion to cyclosporine-A, led to partial recovery of beta-cell function and proliferation. 
Importantly, this improvement in glucose metabolism after switching from tacrolimus to cyclosporine-A has been also observed in 
clinical studies,11 and it indicates that beta-cells are resilient enough to overcome the negative effect of the drug when it is not present 
anymore. The fact that cyclosporine-A has no such effects on the glucose metabolism indicates that there must be something else 
beyond calcineurin inhibition. However, the pathways involved in the mechanisms of tacrolimus-induced beta-cell failure are still 
unknown, but further research has evaluated similarities between beta-cell failure induce by tacrolimus with the “normal” beta-cell 
failure that happens in the progression towards type-2 diabetes.8 

 Now-a-days we know that, during development, when a progenitor cell differentiates into a beta-cell it does not acquire a 
locked state, but the maintenance of that differentiated new state (the functional beta-cell) needs an active and continuous production 
process of the pieces that form the machinery for glucose sensing, insulin synthesis and secretion. In other words, maintenance of the 
beta-cell identity requires the continuous activation of beta-cell-specific transcription factors.12 We have several evidences indicat-
ing that the alterations in these mechanisms of maintenance may conduce to a dedifferentiated state, a state in which the cell is not 
producing beta-cell identity markers anymore, and therefore it cannot be identified as beta-cell with the traditional immunological 
techniques. This may explain the contradictory absence of apoptosis observed together with a reduction in beta-cell mass in some 
experimental models.10 Importantly, whether this dedifferentiation in the absence of apoptosis is confirmed, it may bring some hope 
for the recovery of our patients with PTDM, and it opens a door for future treatments based on the reconstitution of beta-cell mass. 
 
 Among the transcription factors that are essential to maintain a functional beta-cell, it is worth to highlight the pancreatic 
and duodenal homeobox 1 (PDX1), v-maf musculoaponeurotic fibrosarcoma oncogene homolog A (MAFA), and neuronal differen-
tiation 1 (NEUROD). The beta-cell transcription factors work together to induce the expression of those genes that give a beta-cell 
its fingerprint.13 Interestingly, the loss of some of them has been observed in patients with type-2 diabetes.14 Triñanes et al has shown 
how the addition of tacrolimus in metabolically stressed beta-cells induce the loss of some of these factors, while these changes 
cannot be induced neither by the treatment with cyclosporine-A nor in metabolically non-stressed beta-cells.8 Accordingly, with the 
fact that tacrolimus needs some metabolic alterations to induce beta-cell failure, we have examined what could be the molecular 
link between metabolic stress and tacrolimus-induced beta-cell failure. This synergy, or combined mechanism, does not have a mo-
lecular translation yet, but the fork-head box protein O1 (FOXO1) might be a relevant player in the process of PTDM.15 We have 
found that the nuclear translocation of FOXO1 in beta-cells is a characteristic that happens when these cells are more susceptible 
to tacrolimus-induced damage. This important transcription factor mediates proliferation in rodents’ beta-cells, being its nuclear 
exclusion necessary for beta-cell expansion in insulin resistant states.16 It is also known that FOXO1 plays an early role in beta-cell 
dysfunction, and normally its nuclear presence precedes the loss of the essential beta-cell transcription factor MAFA,17 being also 
related with the loss of other important beta-cell transcription factor like PDX1.18 Additionally, analyses of pancreata from type-2 
diabetic patients have shown that nuclear levels of FOXO1 are higher in diabetic patients than in normal population.14

 
 The loss of these beta-cell essential factors in our experimental set-up,8 together with the necessity of this metabolic stress 
(maybe mediated by FOXO1) for the induction of beta-cell failure by tacrolimus, have pushed us to think that beyond calcineu-
rin inhibition, tacrolimus may induce an accelerated progression towards a beta-cell failure, resembling at a pancreatic level the 
progression towards type-2 diabetes. It is important to highlight that despite the higher incidence of PTDM in tacrolimus-treated 
patients, this drug produces better graft function and less nephrotoxicity than other immunosuppressive regimenes,19 therefore be-
come the standard therapy for kidney transplantation. On the other hand, calcineurin and NFAT, common targets of tacrolimus and 
cyclosporine-A, may have a relevant role in beta-cell function and integrity,5 and the inhibition of this pathway may also promote 
beta-cell dysfunction. However, tacrolimus definitely has additional effects in beta-cells and these effects need to be further studied. 
Likewise, it is also important to have a better knowledge about the diabetogenic mechanisms induced by other family of immuno-
suppressive drugs, the inhibitors of the mammalian target of rapamycin (mTOR), being sirolimus the most representative among 
them. These drugs act inhibiting the mTOR kinase, which is a downstream effector of the insulin signalling pathway that integrates 
different anabolic signals and enhances protein synthesis. The existence of this pathway in beta-cells indicates that sirolimus might 
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affect mechanisms of insulin synthesis and secretion,20 but further studies are needed to clarify the precise effects. The importance 
of organ transplantation now-a-days in medicine and the essential use of immunosuppressive drugs to achieve good results makes 
it crucial to obtain a better knowledge about these mechanisms. This approach will drive us to better immunosuppressive therapies 
and better long-term graft survival in kidney transplantation.
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