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Abstract
Immune suppression medications contribute to multiple aspects of endocrine dysfunction including post-transplant 

diabetes mellitus (PTDM), reproductive dysfunction and fracture. In this paper, we will review the available evidence, 
pathophysiology and prevention/treatment strategies for immunosuppression-induced endocrine dysfunction. PTDM 
can substantially reduce graft and patient survival after kidney transplant. Tacrolimus (TAC), which is among the most 
commonly used immunosuppression drugs in organ transplantation, can suppress insulin gene expression, decrease
insulin release, and may cause islet cell apoptosis. Sirolimus (SIR), which is frequently used in combination with TAC for 
islet transplants, can decrease islet insulin secretion in vitro and may affect insulin action causing an insulin resistance 
state. Animal studies have shown that short term treatment with TAC or SIR can independently cause hyperglycemia 
with hyperinsulinemia in normal rats, suggesting insulin resistance, with greater hyperinsulinemia occurring with SIR 
than with TAC treatment. Together, these agents reduce insulin secretion and increase islet apoptosis. SIR acts by 
binding to mammalian target of rapamycin, which is a downstream protein in the insulin signal transduction cascade, 
but how SIR causes insulin resistance is not known. SIR and TAC have been shown to induce islet apoptosis in 
vitro; however, regulation of this process by immunosuppressants has not been studied. While immunosuppressants 
contribute to PTDM, little is known about whether it can be prevented with any current therapeutic intervention for 
type 2 diabetes. SIR has been associated with irregular menses and ovarian cysts, and primary hypogonadism post-
transplant. SIR has been associated with delayed fracture healing, but the effect on bone density is not clear. In 
conclusion, predominant endocrine effects of commonly used immunosuppressive medications appear to be on the 
development of PTDM and reproductive dysfunction, while also potentially contributing to fractures.
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Immunosuppression and Hyperglycemia
New onset diabetes after transplantation or post-transplant 

diabetes mellitus (PTDM) has been recognized for many years as a 
significant adverse consequence of solid organ transplants, including 
kidney. PTDM has been shown to be associated with increased risk 
of graft failure, fatal and nonfatal cardiovascular disease in kidney 
transplant recipients, and increased acute rejection in liver transplant 
recipients [1-4]. In the past, various clinical definitions have been used 
to characterize this complication, including random blood glucose ≥ 
200 mg/dl, fasting blood glucose ≥ 140 mg/dl, or the need for insulin 
therapy in post-transplant patients. In 2003, consensus guidelines 
were published, based on the American Diabetes Association criteria 
for diagnosing type 2 diabetes, finally setting clear definitions for the 
diagnosis of PTDM [5]. The current guidelines for the diagnosis of 
PTDM are fasting plasma glucose ≥ 126 mg/dl, blood glucose ≥ 200 
mg/dl in response to a 75 gm oral glucose tolerance test, or random 
blood glucose ≥ 200 mg/dl along with clinical symptoms of diabetes.  

The reported incidence of PTDM varies widely in the literature 
based on the definitions and the type of immunosuppression used 
[6]. In a retrospective analysis of Medicare beneficiaries in the U.S., 
the cumulative incidence of new-onset diabetes after transplantation 
among 11,659 patients was 9.1%, 16%, and 24% at 3 months, 12 
months, and 36 months, respectively [2]. Using the current definition, 
Lane et al. [7] found that the incidence of PTDM in our (University of 
Nebraska Medical Center) database was around 74% in patients who 
underwent kidney transplantation between 8/2001 and 3/2003 and 
tacrolimus and cyclosporine treatments correlated strongly with the 
onset of PTDM.

Commonly used immunosuppressants, calcineurin inhibitors 
(tacrolimus) and mammalian target of rapamycin (mTOR) inhibitors 
(sirolimus), have been strongly implicated in the etiology of PTDM.  

Calcineurin inhibitors (CNIs)

Cyclosporine and Tacrolimus (FK506) are the commonly used 

calcineurin inhibitors. CNIs reduce the production of cytokines by 
lymphocytes, primarily by inhibiting the calmodulin-dependent serine 
phosphatase calcineurin and preventing the transcription of mRNAs 
for important cytokines, such as interleukin-2. While cyclosporine and 
FK506 bind to different intracellular proteins called immunophilins 
(cyclophilins and FK506 binding proteins (FKBP-12), they exert their 
action via calcineurin inhibition. After activation by an increase in 
intracellular calcium, calcineurin dephosphorylates the cytoplasmic 
subunit of nuclear factor of activation of T cells (NFAT), which 
then undergoes translocation to the nucleus. Subsequently NFAT 
transactivates genes required for T-cell activation. When CNIs bind 
to calcineurin, they prevent dephosphorylation of NFAT and the 
subsequent events leading to lack to T-cell activation [8,9]. 

mTOR inhibitors

Sirolimus (rapamycin) and everolimus are two drugs in this class 
of immunosuppressants, with everolimus being the newer agent. 
Sirolimus binds to FKBP12 but does not inhibit calcineurin or cytokine 
transcription, in contrast with CNIs [10]. Instead, sirolimus inhibits a 
pivotal multifunctional serine-threonine kinase, mammalian target of 
rapamycin (mTOR), which mediates key signal-transduction pathways 

Journal of Transplantation
Technologies & ResearchJourna

l o
f T

ra
ns

pla

ntation Technologies & Research

ISSN: 2161-0991



Citation: Shivaswamy V, Bennett RG, Larsen JL, Davis JS, Hamel FG (2012) Immunosupppression and Endocrine Dysfunction. J Transplant Technol 
Res S2:006. doi:10.4172/2161-0991.S2-006

Page 2 of 5

 J Transplant Technol Res                        Endothelial Keratoplasty             ISSN: 2161-0991 JTTR, an open access journal

which control the cell cycle in variety of different cell types including T 
cell proliferation [11].

While the primary function of the CNIs and mTOR inhibitors are 
immunosuppressive in nature, these effects do not appear to mediate 
the endocrine dysfunction. Rather, as we and others have shown, 
CNIs and mTOR inhibitors appear to have direct effects on endocrine 
dysfunction, especially so in inducing hyperglycemia. The direct effects 
on reproduction and bone metabolism are less well established.

We and others have provided evidence for the diabetogenicity of 
the calcineurin inhibitors tacrolimus (TAC) and cyclosporine [12-
16]. Results from randomized trials have shown that tacrolimus has a 
stronger association with onset of PTDM than cyclosporine [17]. TAC 
was associated with higher incidence of PTDM (18%) compared to 
cyclosporine (8%) in one study using data from United States Renal 
Database [18]. It has also been shown that prediabetes (2 hour blood 
glucose 140-199 mg/dl after a standard 75 gm glucola, per American 
Diabetes Association criteria [19]) was common (33%, 12 mo post-
transplant) among kidney transplant recipients on TAC based therapy 
[20]. 

Impaired insulin secretion has been implicated as one of the main 
causes of calcineurin inhibitor-associated PTDM [21,22]. Decreased 
glucokinase activity and reduced insulin gene expression have been 
demonstrated in animal models of calcineurin inhibitor treatment [23-
25]. Short term (24 h) treatment of human islets with TAC has been 
shown to increase apoptosis via up regulation of caspase-3 cleavage and 
activity [26]. Clinical studies involving pancreas transplant recipients 
have shown reversible toxicity of TAC and cyclosporine of islet cells 
(cytoplasmic swelling and vacuolization) [27]. Insulin resistance after 
kidney transplant is more prevalent in patients treated with TAC-
based regimen compared to a cyclosporine-based regimen [28,29]. We 
have also shown that tacrolimus induces insulin resistance in normal 
animals [16]. It has also been shown that hypomagnesaemia plays a role 
in calcineurin inhibitor-induced PTDM [30]. Suggested mechanisms 
are diminished insulin secretion [31], altered cellular glucose transport 
and altered insulin–insulin receptor interactions [32]. In summary, 
calcineurin inhibitors have been shown to reduce insulin secretion in 
many studies but can also cause insulin resistance.

Sirolimus (SIR) has been variably associated with PTDM. A 
retrospective study of kidney transplant recipients from 2001-2005 
has provided evidence to suggest that SIR did not increase the risk of 
PTDM [33]. However, independent association of SIR with PTDM was 
suggested by data obtained from the United States Renal Database data 
on patients with kidney transplants [34]. SIR exerts antiproliferative 
effects on multiple cell types including pancreatic ductal cells and 
endothelial cells in vitro [35]. SIR impairs in vivo proliferation of 
beta cells in a pregnant mouse model [36]. Supratherapeutic doses 
of SIR cause apoptosis in rat and human islets [37]. In addition, SIR 
causes severe hypertriglyceridemia in susceptible individuals, similar 
to insulin resistance states, suggesting it may also affect other actions 
of insulin [38]. The mechanisms of SIR-induced hyperglycemia and 
hyperinsulinemia are unclear. We have demonstrated that SIR induces 
hyperglycemia and hyperinsulinemia in normal rodents, suggesting 
insulin resistance [14-16]. In a rat model prone to insulin resistance, 
SIR decreases Akt (also known as protein kinase B) phosphorylation 
(ser 473) in the liver, which is a key step in insulin signal transduction 
[39]. In summary, SIR induces insulin resistance and may reduce 
insulin secretion. 

Treatment of PTDM involves similar strategies to those used for 
treatment of type 2 diabetes in the non-transplant population; lifestyle 

modification, oral anti-hyperglycemic agents, and/or insulin [40,41]. 
Although there is abundant data in the non-transplant population 
showing type 2 diabetes can be prevented by weight loss and a variety 
of antihyperglycemic medications, no studies have evaluated strategies 
to prevent PTDM [42], although there are ongoing studies to evaluate 
the effects of dipeptidyl peptidase-4 inhibitors on PTDM (Clinical 
trials number, NCT00936663, NCT01346254).

Immunosuppression and Reproductive Dysfunction
Reproductive dysfunction is a concern to many recipients after 

transplantation. Fertility improves in many women with chronic 
kidney disease after kidney transplantation [43]. Therefore, female 

recipients should be counseled about risks of pregnancy immediately 
after transplant. Conversely, hypogonadism has also been reported after 
transplantation, with 50% of women having menstrual cycle disorders 
after kidney transplantation in one study [44]. Our studies on women 
after pancreas transplantation revealed that half of the women reported 
amenorrhea, had evidence of primary hypogonadism, or menstrual 
irregularity pre-transplant, and 70% of women still had abnormal 
menstrual cycles one year after transplant, treated with predominantly 
cyclosporine or tacrolimus-based immunosuppression [45].

There are many causes of menstrual irregularity. Both 
corticosteroids and weight gain are associated with menstrual 

irregularity and decreased fertility [46]. In regards to the effect of other 
immunosuppressants on menstrual irregularity, there is paucity of data. 
Menstrual cycle abnormalities and ovarian cysts have been reported in 
type 1 diabetes patients after islet transplant using tacrolimus-sirolimus 
immunosuppression [47]. Our studies have shown that tacrolimus 
and sirolimus, individually or in combination interrupt cycling in 
normal animals [15]. Transient disruption of the reproductive system, 
especially in females, result from stress, including recent surgery, acute 
rejection, or infections, while more permanent compromise of ovarian 

blood supply and function can occur from pelvic surgery.

Pregnancy outcomes and paternity after transplant are tracked 
by the National Transplant Pregnancy Registry [48]. Hypertension, 
infection, pre-eclampsia and graft loss are some of the important 
consequences of pregnancy to the mother after transplantation [48]. 
Significant adverse effects to the infant include spontaneous abortions, 
prematurity, low birth weight and newborn [48]. No significant increase 
in fetal malformations has been reported to date. Due to the above 
mentioned significant risks of pregnancy to the mother and infant after 
transplantation, pregnancy after transplant should be considered a 
“high risk” pregnancy. The transplant team should encourage planning 
a desired pregnancy, with the transplant team, staying involved in the 
management of the pregnant transplant recipient. Immunosuppressant 
doses may also need to be altered during pregnancy, as sex steroid 
concentrations can affect metabolism of many immunosuppressant 
medications. 

Hence, women should consider postponing pregnancy until after 
the first year of transplant when risks to both the mother and the 
baby are potentially lower, as risk of rejection is reduced and lower 
medication doses are needed. Pregnancy in the transplant patient under 
immunosuppressant therapy requires consideration of the agents used. 
Corticosteroids are used routinely in pregnancy (category B, as defined 
by FDA) [49]. Cyclosporine or tacrolimus have not been shown to 
significantly impact pregnancy outcomes (Category C) [48]. Sirolimus 
use during pregnancy was not associated with adverse outcomes to 
the mother or infant, according to few published case reports [50,51]. 
However, due to its known effects on cell growth and proliferation 
its use should be avoided in pregnancy until more data is available. 
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Mycophenolate mofetil use has been associated with fetal anomalies in 
a few case reports, suggesting its risk is not yet established and should 
likely be avoided for now [52]. Certain immunosuppressants, such as 
azathioprine (category D), should not be used in pregnancy. Since the 
risk of maternal immunosuppression is unknown in the breast-fed 
infant, concentrations of immunosuppressants should be monitored in 
infant, if breast feeding is practiced.

Men’s reproductive function is also potentially affected by 
immunosuppression. Men treated with cyclosporine or tacrolimus 
after kidney or pancreas transplant appear to be rarely associated 
with oligospermia or hypogonadism [53]. However, rapamycin-based 
regimens after kidney transplant alone have been associated with reduced 
sperm count, decreased motility, and reduced fathered pregnancy rates 
[54-56]. Rapamycin has also been reported to lower testosterone and 
raise gonadotropins after kidney and cardiac transplant, suggesting 
a direct anti-gonadal effect of this medication [55,57,58]. While 
fewer patients have been treated to date, a newer mTOR inhibitor, 
everolimus, has not been associated with hypogonadism [55]. Risk 
to babies fathered by transplant recipients is being monitored, but no 
adverse effects have yet been reported [48]. One study reported that 
male recipients of kidney transplant who father offspring within 2 yr of 
transplantation had higher rates of pre-term birth as compared to those 
who conceived 2 yrs after transplantation [59].

In summary, improvement of hypogonadism and fertility is 
observed after transplant ion. Menstrual irregularity is still common 

in women after transplantation, likely due to multiple causes. The 
only clear evidence of immunosuppression associated hypogonadism 
appears to be with sirolimus, especially primary hypogonadism in 
men after transplantation. Evidence of the contribution of other 
immunosuppressants to reproductive dysfunction after transplantation 
is not established. Although the effects of immunosuppression on fetal 
anomalies and to the breast-fed infant are not clear, pregnancy after 
transplantation should be considered high risk and treated as such.

Immunosuppression and Bone Density
Another potential endocrine-related problem associated with 

immunosuppression is decreased bone density. Corticosteroids have a 
distinct connection to bone health, however, other immunosuppressive 
agents are not so clearly related and results have been equivocal. 
Animal and human studies suggest that other than corticosteroids, 
cyclosporine has the most deleterious effects on bone metabolism 
among the various immunosuppressant agents [60-62]. An important 
contributor to low bone mass is hypophosphatemia which is associated 
with cyclosporine and sirolimus therapy, with sirolimus appearing 
to cause more persistent hypophosphatemia than cyclosporine [63]. 
Effects of tacrolimus on bone metabolism appear to be equivocal, with 
older animal studies suggesting that tacrolimus negatively affected 
bone metabolism, but more recent animal studies found no significant 
effect [62,64]. Animal studies may not translate to humans as clinical 
studies have not always conclusively shown an effect of calcineurins or 

sirolimus on bone mass [64-66]. However, due to the known negative 
impact of sirolimus on cell growth, it is plausible that sirolimus may 
impair healing following bone fracture [67]. 

In summary, although the goal of these drugs is to dampen the 
rejection of the transplant by the immune system, they clearly have 
effects in cells of the endocrine system and their target organs. The 
predominant effects of the commonly used immunosuppressants such 
as tacrolimus and sirolimus on the endocrine system appear to be on 
post-transplant diabetes and reproductive dysfunction, with equivocal 
evidence on their contribution to lowering bone density and increasing 
likelihood of fractures (Table 1). As PTDM has implication on graft and 
host survival, aggressive strategies to screen and treat PTDM should 
be employed in recipients of solid organ transplantation. Studies on 
prevention of PTDM are ongoing. Fertility tends to improve after 
transplantation, and thus female recipients should be counseled on the 
risk of immunosuppression during pregnancy, post-transplant. 
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