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Abstract Post-transplant diabetes mellitus (PTDM)

worsens outcomes after kidney transplantation, and

immunosuppression agents contribute to PTDM. We have

previously shown that tacrolimus (TAC) and sirolimus

(SIR) cause hyperglycemia in normal rats. While there is

little data on the mechanism for immunosuppressant-

induced hyperglycemia, we hypothesized that the TAC and

SIR-induced changes are reversible. To study this possi-

bility, we compared normal rats treated for 2 weeks with

either TAC, SIR, or a combination of TAC and SIR prior to

evaluating their response to glucose challenge, with par-

allel groups also treated for 2 weeks after which treatment

was stopped for 4 weeks, prior to studying their response to

glucose challenge. Mean daily glucose and growth velocity

was decreased in SIR, and TAC?SIR-treated animals

compared to controls (P \ 0.05). TAC, SIR, and

TAC?SIR treatment also resulted in increased glucose

response to glucose challenge, compared to controls

(P \ 0.05). SIR-treated animals also had elevated insulin

concentrations in response to glucose challenge, compared

to controls (P \ 0.05). Insulin content was decreased in

TAC and TAC?SIR, and islet apoptosis was also increased

after TAC?SIR treatment (P \ 0.05). Four weeks after

treatments were stopped, all differences resolved between

groups. In conclusion, TAC, SIR, and the combination of

TAC?SIR-induced changes in glucose and insulin

responses to glucose challenge that were accompanied by

changes in islet apoptosis and insulin content. These

changes were no longer present 4 weeks after cessation of

therapy suggesting immunosuppressant-induced changes in

glucose metabolism are likely reversible.

Keywords Immunosuppression � Diabetes � Rats �
Apoptosis

Introduction

Post-transplant diabetes mellitus (PTDM) increases allo-

graft dysfunction and cardiovascular morbidity and mor-

tality after kidney transplant [1, 2]. Tacrolimus (TAC) and

sirolimus (SIR) are among the most commonly used

immunosuppression drugs for kidney transplantation, and

have been strongly implicated in the etiology of PTDM [3].

We have previously shown that both TAC and SIR, indi-

vidually and in combination, cause hyperglycemia and

hyperinsulinemia in normal male Sprague–Dawley rats

after short-term treatment [4]. There is some clinical evi-

dence that pancreatic pathology observed with toxic levels

of tacrolimus improve once the dose is decreased, and

changing immunosuppressant regimen from tacrolimus to

other drugs can result in improvements in glucose man-

agement [5, 6]. With this background, we have hypothe-

sized that immunosuppressant-induced hyperglycemia is

reversible. To evaluate this further, we have compared

groups of rats treated for 2 weeks with TAC, SIR or a

combination of TAC?SIR with rats treated with the same

doses and duration of immunosuppressants, who then had

no treatment for 4 weeks.

V. Shivaswamy � M. McClure � J. Passer � C. Frahm �
L. Ochsner � J. Erickson � R. G. Bennett �
F. G. Hamel � J. L. Larsen (&)

Department of Internal Medicine, University of 983020

Nebraska Medical Center, Omaha, NE 68198-3020, USA

e-mail: jlarsen@unmc.edu

V. Shivaswamy � R. G. Bennett � F. G. Hamel

Omaha Veterans Administration Medical Center, Omaha,

NE, USA

Endocr (2010) 37:489–496

DOI 10.1007/s12020-010-9332-6



Results

Daily glucose and weight were monitored during treatment

with TAC, SIR, or TAC?SIR. As observed previously,

TAC, SIR, and TAC?SIR-treated animals had less weight

gain compared to controls (Fig. 1; P \ 0.01). Mean daily

glucose was elevated overall in SIR or TAC?SIR-treated

animals, compared to controls, but not enough to explain

the lack of weight gain (Fig. 2; P \ 0.05). After 2 weeks

treatment, an oral glucose challenge was performed after

an overnight fast. Fasting glucose was higher in TAC-

treated animals as compared to controls (Fig. 3a; P \
0.05). Fasting insulin was lower in TAC-treated animals

(compared to SIR-treated animals) and TAC?SIR-treated

animals (compared to SIR-treated animals and controls)

(Fig. 3b; P \ 0.05). Insulin resistance was assessed by

calculating homeostasis model assessment of insulin resis-

tance (HOMA-IR). HOMA-IR was significantly lower in

TAC?SIR-treated animals compared to the other groups

(Fig. 3c; P \ 0.05).

The glucose response to glucose challenge was greater

in animals treated with TAC, SIR or TAC?SIR compared

to controls (Fig. 4a; P \ 0.05). The SIR-treated animals,

but not TAC or TAC?SIR, also had a significantly

increased insulin response to oral glucose challenge, as

well (Fig. 4b; P \ 0.05 compared to control and

TAC?SIR). Animals were then killed and the pancreata

were evaluated for islet area, number, apoptosis, and

insulin content. Islet area and number were not different

between groups, but insulin immunofluorescence staining

was reduced in rats treated with TAC?SIR and TAC,

compared to those treated with control or SIR (Fig. 5a).

Glucagon content was not different (data not shown). Islet

apoptosis was also significantly higher in TAC?SIR-trea-

ted animals compared to TAC, SIR, or controls (Fig. 9).

Immunosuppressant concentrations were measured after

2 weeks of treatment. SIR concentration was 24 ± 5 ng/ml

and TAC concentration was 14 ± 4 ng/ml in the SIR and

TAC groups, respectively, and SIR and TAC concentra-

tions were 19 ± 3 ng/ml and 15 ± 5 ng/ml, in the

TAC?SIR group.

These results were compared to groups of rats who were

treated at the same time with the same immunosuppressant

medications and doses for 2 weeks, prior to stopping

treatment for 4 weeks. Random blood glucose in all

treatment groups returned to those of the controls by

3 weeks after treatment was stopped (Fig. 6). Weight also

increased similar to controls in all groups once treatment

was stopped (data not shown). Fasting glucose on the day

of the oral glucose challenge was the same as controls, or

lower in SIR-treated animals (Fig. 7a; P \ 0.05). Fasting

insulin was no longer different between groups (data not

shown), and HOMA-IR was significantly lower in SIR-

treated animals after 6 weeks compared to 2 weeks, sug-

gesting improved sensitivity (Fig. 7b; P \ 0.05). Glucose

response to glucose challenge was no longer increased

compared to controls in all groups (Fig. 8a). Insulin

response to oral glucose challenge was now decreased in

all treatment groups compared to controls even though

glucose response was normal (Fig. 8b; P \ 0.05) suggest-

ing increased sensitivity, as also suggested by the HOMA-

IR results, especially in SIR-treated animals (Fig. 7b).

Changes in the pancreas were also resolved 4 weeks

after cessation of therapy. Islet number and area and insulin

staining (Fig. 5b) were not different between groups

4 weeks after cessation of therapy, and islet apoptosis

significantly decreased in the TAC?SIR-treated animals

(Fig. 9). As expected, no animal had measurable levels of

immunosuppressant drugs after the 4 week hiatus in

immunosuppressant treatment.

Fig. 1 Weight gain over time. Mean weight of the groups treated for

2 weeks are shown. * P \ 0.01 compared to control (starting day 9

for TAC and SIR and day 8 for TAC?SIR)

Fig. 2 Random blood glucose over time. Mean glucose concentration

for the groups treated for only 2 weeks are shown. Treatment was

significant by 1-way ANOVA (P \ 0.0001), *** P \ 0.05 compared

to control
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Fig. 3 Fasting glucose, insulin,

and HOMA-IR after 2 weeks

treatment. a Fasting glucose was

higher in TAC-treated animals

as compared to controls

(* P \ 0.05), b Fasting insulin

was lower in TAC-treated

animals (compared to SIR-

treated animals) and TAC?SIR-

treated animals (compared to

SIR-treated animals and

controls) (* P \ 0.05),

c HOMA-IR was significantly

lower in TAC?SIR-treated

animals compared to the other

groups (* P \ 0.05)

Fig. 4 Glucose and insulin

responses to oral glucose

challenge after 2 weeks

treatment. a * P \ 0.05,

** P \ 0.005 compared to

control, b Insulin area under the

curve (AUC), expressed in

arbitrary units, is shown for the

four groups. * P \ 0.05

compared to controls and

TAC?SIR

Fig. 5 Islet insulin staining in all groups. a Islet insulin staining was significantly lower in animals treated with TAC and TAC?SIR for

2 weeks, compared to those treated with SIR and C. b Islet insulin staining was not different between groups 4 weeks after cessation of therapy
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Discussion

New onset diabetes after transplantation or PTDM has been

recognized as a potential consequence of organ transplan-

tation in many recipients. PTDM is associated with

increased risk of graft failure, and fatal and nonfatal

cardiovascular disease in kidney transplant recipients

[1, 2]. While in the past, various definitions have been

used, the 2003 International Consensus Guidelines devel-

oped criteria for PTDM that were based on the American

Diabetes Association criteria for diagnosis of diabetes in

non-transplant patients [2]. While the incidence of PTDM

is still argued and may depend on specific immunosup-

pressant protocols and pre-existing risk for type 2 diabetes,

a recent retrospective analysis of consecutive non-diabetic

patients who received kidney transplantation found the

incidence of PTDM to be as high as 74% using the new

consensus criteria [3].

The etiology of PTDM is multifactorial, but one clear

contributing factor is the use of immunosuppressant

medications. In fact, immunosuppressant medication was

the strongest risk factor for development of PTDM in one

retrospective study [3]. Tacrolimus and cyclosporine have

been clearly associated with increased risk; in fact, many

studies have demonstrated the diabetogenicity of calci-

neurin inhibitors, tacrolimus and cyclosporine [2, 3, 7–9].

Generally, randomized trials have shown that TAC has a

stronger association with onset of PTDM than cyclo-

sporine [10]. Data from United States renal database in
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Fig. 6 Random blood glucose before and after immunosuppressant

treatment. Mean glucose concentration is shown for each group.

Treatment was given days 0–14. The last day of treatment is shown by

a vertical line. Injections were then stopped, with results shown after

treatment cessation. *** P \ 0.05 compared to control

Fig. 7 Fasting glucose and HOMA-IR. a Fasting glucose normalized

in all groups after 4 weeks of cessation of therapy, but was

significantly lower in SIR-treated animals, compared to controls

(* P \ 0.05). b HOMA-IR was significantly higher in SIR-treated

rats after 2 weeks compared to the group treated for 2 weeks,

followed by 4 weeks of no treatment. * P \ 0.05 versus rats treated

for 2 weeks with SIR

Fig. 8 Glucose and insulin responses to oral glucose challenge

4 weeks after cessation of treatment. a Mean glucose concentration is

shown. There were no significant differences between groups. b
Insulin AUCs, expressed in arbitrary units, for the four treatment

groups are shown (mean ± SEM). Insulin concentrations were

significantly lower in all treatment groups as compared to controls.

** P \ 0.005 compared to controls, * P \ 0.05 compared to controls
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2002 showed the 2 year incidence of PTDM after KTX

was approximately 8% in the cyclosporine group com-

pared to 18% in the TAC group [11]. A recent study

showed that 33% of KTX recipients had prediabetes as

suggested by impaired glucose tolerance and 20% had

PTDM by 1 year of transplant using TAC-based therapy

[12].

While past studies have been inconsistent, recent studies

have also implicated sirolimus in PTDM, as well [3]. For

example, retrospective studies of kidney transplant recipi-

ents did not show an association between SIR and

increased risk of PTDM [13, 14]. However, using data

from the United States renal database, SIR was indepen-

dently associated with increased onset of PTDM in patients

with KTX [15]. SIR has been linked to a defect in insulin

secretion as well as insulin resistance, and exerts antipro-

liferative effects on multiple cell types including pancreatic

ductal cells and endothelial cells in vitro [16]. SIR not only

impairs in vivo proliferation of islet beta cells in a pregnant

murine model but high doses of SIR can also cause

apoptosis in rat and human islets [17, 18].

We have previously shown that both TAC, and partic-

ularly SIR, can increase both glucose and insulin, in a dose-

dependent manner, suggesting insulin resistance [4]. Clin-

ically, insulin resistance has been reported to be more

prevalent in patients with TAC-based than cyclosporine-

based immunosuppression [19]. In these studies, we

observed greater hyperinsulinemia with SIR than with

TAC. In fact, SIR is well known to cause hypertriglyceri-

demia in clinical settings, as expected with insulin resis-

tance [20]. SIR also worsened hyperglycemia and

hyperinsulinemia in diabetic P obesus rats which further

supports an effect of sirolimus on insulin action [21].

In the present studies, we confirmed that both TAC and

SIR caused hyperglycemia, accompanied by significant

elevations in insulin concentration with SIR treatment.

Immunosuppressant treatment resulted in less weight gain,

as has been described in other studies, most likely due to

their direct effects on cell growth and anabolism than

uncontrolled glucose concentration as the glucose eleva-

tions, while significant, were generally mild [22].

The short-term effects of these medications on insulin

resistance, insulin secretion, and pancreatic insulin con-

tent were reversed within 4 weeks. Random glucose sig-

nificantly improved within 3 weeks of stopping therapy.

After 4 weeks, an oral glucose challenge no longer

showed an exaggerated glucose response compared to

controls. Hyperinsulinemia in SIR-treated animals also

resolved after treatment cessation, although insulin still

increased appropriately to a glucose load. This data,

including a decrease in HOMA-IR in 6 weeks compared

to 2 week animals, suggests improved insulin sensitivity

after treatment was stopped. Weight increased toward

control values as soon as immunosuppressant treatment

was stopped. These results altogether suggest the toxic

effects of these drugs are reversible, just as cytoplasmic

swelling and vacuolization, observed with tacrolimus and

cyclosporine were reversible with lowered drug dose, and

hyperglycemia appeared to resolve with changing tacrol-

imus to other medications in retrospective studies [5, 6,

23].

Calcineurin inhibitor-associated PTDM has been sug-

gested to impair insulin secretion [24]. Animal models of

calcineurin inhibitor treatment showed decreased glucoki-

nase activity and reduced insulin gene expression, with

resultant decrease in insulin secretion [25–27]. One

potential mechanism for tacrolimus inhibition of insulin

secretion is through inhibition of PKC-mediated (Ca2?-

dependent and independent) and Ca2?-independent GTP

signaling pathways [28]. Tacrolimus may also have direct

toxic effects on islets as suggested in pancreas transplant

recipients [23].The mechanism for sirolimus effects is less

clear, but sirolimus has antiproliferative effects on multiple

cell types, including pancreatic ductal cells and endothelial

cells in vitro [16]. In our studies, the combination of TAC

and SIR, in particular, significantly increased islet apop-

tosis. After immunosuppression was stopped, all effects

resolved, including hyperglycemia, decreased pancreatic

insulin content, and apoptosis, and insulin sensitivity was

even greater than controls. These results strongly suggest

that the effects of short-term TAC and SIR treatment are

reversible.

In conclusion, we have confirmed that tacrolimus, and

sirolimus, alone and in combination, cause hyperglycemia

in previously normal adult rats. The mechanism involved

insulin resistance in SIR-treated animals, as it was

accompanied by hyperinsulinemia and increased HOMA-

IR, and decreased insulin secretion with tacrolimus

Fig. 9 Islet apoptosis in various groups. Apoptotic cells/islet were

significantly higher in TAC?SIR group, compared to TAC, SIR, or

control, after 2 weeks treatment (* P \ 0.05), but were not different

between the groups 4 weeks after treatment stopped
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treatment, and accelerated islet apoptosis after combination

therapy. However, 4 weeks after treatment was stopped, all

effects, including changes observed in the islets them-

selves, were reversed. Whether longer term treatment could

lead to changes that are no longer reversible is as yet

unknown.

Materials and methods

Animal care

The protocol was approved by the Research and Devel-

opment Committee of the Omaha Veterans Affairs Medical

Center. Adult, male Sprague–Dawley rats (150–200 g)

were kept under 12 h dark and light periods and fed stan-

dard lab chow except prior to fasting samples (2 and

6 weeks) when food but not water was removed for 12 h.

Experimental design

Two groups of animals (n = 5/group) were each given one

of four daily treatment regimens for a total of eight groups.

Two groups received daily tacrolimus and diluent (4 mg/

kg/day; LC Laboratories, Woburn, MA) subcutaneously for

2 weeks. Two groups received daily sirolimus and diluent

(2 mg/kg/day; LC Laboratories, Woburn, MA) subcutane-

ously for 2 weeks. Two groups received a daily subcuta-

neous injection of tacrolimus (1 mg/kg/day) and sirolimus

(0.08 mg/kg/day) for 2 weeks. Finally, two groups

received two injections of diluent daily (10% ethanol/

sunflower oil) and served as the control (C) group. These

drug doses were chosen based on our previously published

studies as sub-maximal doses for causing hyperglycemia

[4]. While all animals received treatment for 2 weeks, half

of the groups were studied immediately after the 2 weeks

treatment while the other half were kept for four more

weeks, without further injections before being studied.

Daily weights and random blood glucoses were measured

by glucometer (Ultra�).

After 2 weeks of treatment, an oral glucose challenge

was performed on one group from each treatment regimen

(1 g/kg by gavage) prior to kill. Twelve hours before the

glucose challenge, food but not water was removed from

the animals so they would be fasting. Glucose and insulin

were measured from blood taken by tail vein prior to

administration of the glucose load. Blood was removed

from the tail vein for glucose and insulin measurements

15, 30, 60, and 120 min after glucose load. These groups

were then killed and pancreata harvested for further

analysis.

The remaining groups received no further treatment for

four more weeks. Daily weights and random glucoses were

measured. After 4 weeks, animals were studied with an

oral glucose challenge prior to kill. Subsequently pancreata

were harvested for further analysis.

Insulin and immunosuppressant concentrations

Plasma insulin concentration was measured by radioim-

munoassay (Linco Research: St. Charles, MO) with sen-

sitivity of 0.1 ng/ml, and no cross reactivity with

proinsulin. Tacrolimus and sirolimus concentrations were

performed on whole blood samples by liquid chromatog-

raphy–tandem mass spectrometry 24 h after last injection

in lysed specimens by the Clinical Laboratory of The

Nebraska Medical Center [29]. Intra-assay variations were

3.5 and 3.9%, and interassay variations were 2.7 and 5.0%,

for tacrolimus and sirolimus, respectively. Insulin resis-

tance was evaluated with the homeostasis model assess-

ment of insulin resistance (HOMA-IR; fasting glucose

(mmol/l) 9 fasting insulin (lu/l)/22.5) [30].

Pancreas histology, apoptosis and hormone content

Pancreata were harvested after killing, placed in formalin,

fixed, and set in paraffin blocks. Sections were cut and then

processed in one of three ways. Some were stained with

hematoxylin and eosin (H&E) for light microscopy. All

islets in each pancreatic section were photographed at 29

magnification and analyzed at 209 magnification. Image J

software was used to calculate islet area (NIH, Bethesda,

MD). Area values were calculated in square pixels and

converted to square micrometers.

The remainder were processed to assess apoptosis, and

to assess insulin and glucagon content by immunofluores-

cence. Apoptosis was assessed by the terminal deoxynu-

cleotidyl transferase-mediated dUTP-biotin nick end of

DNA fragments (TUNEL) method (DeadEnd Colorimetric

TUNEL System, Promega, Madison, WI). Mean number of

apoptotic cells/islet was compared between groups.

Immunofluorescence was performed by subjecting pan-

creatic sections to antigen retrieval by first autoclaving for

15 min in Antigen Unmasking Solution (Vector Labs,

Burlingame, CA), blocking in 5% goat serum for 30 min,

then incubating them with specific anti-insulin (Dako

Cytomation, Carpinteria, CA) or anti-glucagon antibodies

(Cell Signaling Technology, Danvers, MA) prior to incu-

bation with the designated fluorescence-linked second

antibody, prior to visualization by fluorescence microscopy,

compared between groups.

Number of islets, mean islet area, and number of islets

exhibiting apoptosis were measured or calculated by a

blinded reviewer in each pancreatic slide section. All cal-

culations were made by a blinded reviewer.
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Statistical analysis

Change in weight between groups over time was compared

by two-way analysis of variance (ANOVA). Bonferroni

test was used for post-test analysis. Differences between

groups in fasting glucose, insulin, HOMA-IR, islet area,

and apoptotic cells/islet were compared by one-way

ANOVA with Tukey’s multiple comparison tests for post-

hoc differences. Differences between groups over time in

HOMA-IR and apoptotic cells/islet were compared by two-

way ANOVA, with Bonferroni test for post-test analysis.

Glucose and insulin concentration responses to oral glucose

load were calculated as area under the curve, and compared

by one-way ANOVA with Tukey’s multiple comparison

tests for post-hoc differences. A P value \ 0.05 was con-

sidered significant. All data represented by mean ± SEM,

unless otherwise specified.
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