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Widespread usage of the calcineurin inhibitors tacrolimus and cyclosporine A as post-transplantation immuno-
suppressive agents is fraught with severe nephrotoxic and diabetogenic side effects. More recently, tapering of
calcineurin inhibitor-based immunotherapies with concurrent administration of the mammalian target of ra-
pamycin (mTOR) inhibitors sirolimus and everolimus has been employed within pharmacological regimens de-
signed to achieve better safety and efficacy for preservation of allograft kidney function. Collected preclinical
data and recent clinical study, however, indicate that usage of calcineurin inhibitors and/or mTOR blockers as
immunosuppressive agents promotes equivalent diabetogenic side effects. Based on a wealth of validating
preclinical studies, we contend that the favorable metabolic effects of mineralocorticoid receptor antagonists,
such as spironolactone, support their inclusion in novel immunosuppressive strategies to inhibit new onset
type Il diabetic symptoms in post-transplantation patient populations.
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Nephrotoxic and diabetogenic effects of the immunosuppres-
sive calcineurin inhibitors (CNIs) tacrolimus and cyclosporine A
following kidney transplantation has been well documented [1].
The diabetogenic effects of CNIs are compounded by main-
tenance steroid usage with resultant increases in insulin
resistance and deposition of visceral adipose tissue [2,3].
Furthermore, post-transplantation usage of CNIs is functionally
associated with reduction of insulin secretion by pancreatic
B-cells [4]. Pharmacological tapering of CNI-based immunother-
apies with concurrent administration of the mammalian target
of rapamycin (mTOR) inhibitors sirolimus and everolimus has
been evaluated within a variety of pharmacological regimens
for preservation of allograft kidney function [5]. Consistent
with previous clinical observations [6], a recent clinical study
demonstrated that conversion of a cyclosporine A-based thera-
peutic regimen to employment of everolimus as the major im-
munosuppressive agent had little or no effect on post-trans-
plantation development of new onset type 2 diabetes (T2D),
or on the progression of pre-existing diabetic symptoms [5].
Additional studies have demonstrated toxic effects of mTOR
inhibitors on pancreatic B-cell function with resultant de-
creases in insulin secretion [7]. Accordingly, there is a com-
pelling need for further development of efficacious therapeu-
tic strategies to inhibit new onset T2D in post-transplantation
patient populations.

Mechanistic validation of clinical observations is provided by
preclinical studies that demonstrate widespread constitutive
expression of calcineurin linked to diverse pharmacological
effects of CNIs in different tissues involved in regulation of
glucose homeostasis, including pancreas, liver, skeletal mus-
cle, adipocytes, brain, and gut [8]. Adipose tissue has been es-
tablished as a focal point for development and persistence of
T2D in humans. Severely impaired triglyceride assembly and
storage within metabolically compromised adipocytes with re-
sultant fatty acid efflux from adipose tissues is functionally
linked to elevated concentrations of free fatty acid concentra-
tions in the plasma [9-12]. Elevated plasma free fatty acids
have been empirically shown to markedly diminish insulin
sensitivity in several animal models. Accordingly, this clinical
parameter has been established as a prime risk factor asso-
ciated with the development and maintenance of T2D in hu-
man populations [13,14], and the therapeutic efficacy of ma-
jor anti-T2D drugs is assessed by a co-ordinate reduction of
both glucose and free fatty acids in the plasma [9,10]. A re-
cent clinical study found that insulin resistance with resultant
T2D symptomatology represents the major diabetogenic ef-
fect of tacrolimus administration in kidney transplant recipi-
ents [15]. Complementary preclinical studies have shown that
tacrolimus and cyclosporin A functionally inhibit glucose up-
take in cultured human adipocytes by reducing cell surface
expression of insulin receptor-mediated glucose transporter
type 4 (GLUT4) [16]. These data indicate that calcineurin is an
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important regulator of glucose transport in adipose tissues
via trafficking and endocytosis of GLUT4 via insulin-mediated
cellular processes and support clinical observations indicating
diabetogenic effects of administered CNiIs. It is also inferred
that chronic usage of CNIs will engender spiraling periods of
severe insulin resistance via free fatty acid release from met-
abolically compromised adipocytes.

In vivo studies employing genetically engineered knockout mice
have demonstrated that functional upregulation of mTOR ex-
pression in adipose tissues is associated with favorable meta-
bolic parameters including increased lean body mass, enhanced
insulin sensitivity, and glucose tolerance [17]. Furthermore, up-
regulation of mTOR expression is associated with increased
leptin production leading to reduction of food intake and upreg-
ulation of key regulatory genes PPARa and glycerol kinase (GK)
in adipose tissues [17]. Preclinical studies utilizing cultured hu-
man adipocytes from diabetic patients have observed signifi-
cant downregulation of the key regulatory transcription factor
forkhead box protein 01 (FOXO1) that is functionally associated
with impaired insulin signaling via significant reductions in in-
sulin receptor and GLUT4 expression [18]. Importantly, down-
regulation of FOXO1 is associated with significant reductions in
mTOR activity in insulin resistant human adipocytes, indicating
that functionally linked FOXO1 and mTOR regulatory activities
are critical for maintaining normal insulin responsiveness of hu-
man adipocytes. Importantly, these preclinical data indicate po-
tential adverse metabolic effects of clinically administered mTOR
inhibitors employed as immunosuppressive agents and support
clinical observations that everolimus is ineffective in blocking
post-transplantation development of new onset T2D [5,19].

Preclinical studies have demonstrated that aldosterone-me-
diated activation of the mineralocorticoid receptor (MR) is as-
sociated with nephrotoxic events via convergent enhance-
ment of mTOR signaling pathways [20]. Accordingly, these
data sets validate the clinical utility and efficacy of MR antag-
onists, notably spironolactone, as key pharmacological compo-
nents of post-transplantation therapeutic regimens employing
CNIs in combination with mTOR blockers. In contrast to mTOR
blockers, however, MR receptor blockade promotes favorable
cellular bioenergetics and metabolic integrity via enhanced
brown adipose tissue (BAT) thermogenesis [21]. The authors
contend that the observed shift in energy usage from lipogen-
esis to thermogenic heat dissipation indicates the potentially
high therapeutic potential for MR antagonists for treatment
of obesity-related pathophysiological conditions that include
T2D and metabolic syndrome. Additionally, it has been dem-
onstrated that MR negatively regulates brown remodeling
of white adipose tissue through a modulation of autophagy,
thereby providing a clinically compelling rationale for the use
of MR antagonists to prevent the adverse metabolic conse-
quences of adipocyte dysfunction [22]. Thus, it appears that
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dysregulation of MRs in adipose tissue may represent a key
mechanism in the development of obesity-related metabolic
syndromes such as T2D, via induction of oxidative stress and
mitochondrial dysfunction [23].

Conclusions

In conclusion, a recent clinical study indicated positive restor-
ative effects of the MR antagonist spironolactone on impaired
glomerular filtration rate and fibrosis in kidney transplanta-
tion patients previously treated with CNIs [24]. Unfortunately,
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