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b Cell transcription factors such as forkhead box pro-
tein O1 (FoxO1), v-maf musculoaponeurotic fibrosar-
coma oncogene homolog A (MafA), pancreatic and
duodenal homeobox 1, and neuronal differentiation
1, are dysfunctional in type 2 diabetes mellitus
(T2DM). Posttransplant diabetes mellitus resembles
T2DM and reflects interaction between pretransplant
insulin resistance and immunosuppressants, mainly
calcineurin inhibitors (CNIs). We evaluated the effect
of tacrolimus (TAC), cyclosporine A (CsA), and meta-
bolic stressors (glucose plus palmitate) on insuli-
noma b cells in vitro and in pancreata of obese and
lean Zucker rats. Cells were cultured for 5 days with
100 lM palmitate and 22 mM glucose; CsA (250 ng/
mL) or TAC (15 ng/mL) were added in the last 48 h.
Glucose plus palmitate increased nuclear FoxO1 and
decreased nuclear MafA. TAC in addition to glucose
plus palmitate magnified these changes in nuclear
factors, whereas CsA did not. In addition to glucose
plus palmitate, both drugs reduced insulin content,
and TAC also affected insulin secretion. TAC with-
drawal or conversion to CsA restored these changes.
Similar results were observed in pancreata of obese

animals on CNIs. TAC and CsA, in addition to glu-
cose plus palmitate, induced comparable inhibition
of calcineurin and nuclear factor of activated T cells
(NFAT); therefore, TAC potentiates glucolipotoxicity
in b cells, possibly by sharing common pathways of
b cell dysfunction. TAC-induced b cell dysfunction is
potentially reversible. Inhibition of the calcineurin–
NFAT pathway may contribute to the diabetogenic
effect of CNIs but does not explain the stronger
effect of TAC compared with CsA.

Abbreviations: C, control; CNI, calcineurin inhibitor;
CsA, cyclosporin A; DAPI, 40,6-diamidino-2-phenylin-
dole; FoxO1, forkhead box protein O1; G, glucose;
GSIS, glucose-stimulated insulin secretion; HisH3, hi-
stone H3; KRBBK, rebs-Ringer bicarbonate buffer;
LZR, lean Zucker rat; MafA, v-maf musculoaponeu-
rotic fibrosarcoma oncogene homolog A; NeuroD,
neuronal differentiation 1; NFAT2, nuclear factor of
activated T cells 2; OZR, obese Zucker rat; P, palmi-
tate; PBS, phosphate-buffered saline; PDX-1, pancre-
atic and duodenal homeobox 1; PTDM,
posttransplant diabetes mellitus; T2DM, type 2
diabetes mellitus; TAC, tacrolimus

Received 09 September 2016, revised 14 April 2017
and accepted for publication 14 April 2017

Introduction

Posttransplant diabetes mellitus (PTDM) affects up to

30% of renal transplant recipients, and this doubles the

prevalence of type 2 diabetes mellitus (T2DM) in the

general population (1–4). PTDM is associated with reduc-

tion in patient survival, high risk of infections and cardio-

vascular disease (3,5,6), lower quality of life, and

increased health care expenditures, by $21 500 for every

case (7).

PTDM is thought to result from b cell failure induced by

immunosuppression, mainly tacrolimus (TAC) and cyclos-

porine A (CsA) (3). TAC is considered more diabetogenic

than CsA (8,9), although this finding has not been repli-

cated in recent studies (10–12). Our group hypothesized

that the greater diabetogenic effect of TAC depends on

the preexistence of insulin resistance. TAC was more

diabetogenic than CsA only in patients with pretransplant

hypertriglyceridemia, a marker of insulin resistance (12).

In addition, TAC caused more diabetes than CsA in
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insulin-resistant obese Zucker rats (OZRs; 100% vs.

40%), whereas neither TAC nor CsA caused diabetes in

lean Zucker rats (LZRs; insulin sensitive) (13). TAC

reduced b cell proliferation but did not increase cell

apoptosis in animals with diabetes (13). Cessation of

TAC and conversion to CsA led to partial recovery of b
cell function and proliferation (13,14). Consequently, the

toxic effect of TAC depends on the preexistence of the

changes related to insulin resistance; however, the

pathways involved in b cell dysfunction induced by TAC

remain unknown.

b cell changes during the state of insulin resistance that

precedes type 2 diabetes (T2DM) have been studied

extensively (15–17). These include the active mainte-

nance and regulation of b cell proliferation, insulin syn-

thesis, and secretion. Many of these functions are

regulated by b cell–enriched transcription factors that are

essential for glucose sensing, insulin secretion, and cell

proliferation, namely, pancreatic and duodenal homeobox

1 (PDX-1), v-maf musculoaponeurotic fibrosarcoma onco-

gene homolog A (MafA), neuronal differentiation 1 (Neu-

roD), and forkhead box protein O1 (FoxO1). FoxO1

mediates proliferation, and its nuclear exclusion is neces-

sary for b cell expansion in the insulin resistance state

(18,19). Insulin production is associated with the activa-

tion of PDX-1, MafA, and NeuroD (20). Mouse models of

obesity and insulin resistance showed a drastic reduction

in nuclear MafA (21,22). Transcriptionally inactive Neu-

roD, which fails to target promoters in pancreatic islets,

leads to T2DM in humans (23). The loss of these factors

during insulin resistance might limit the capacity of b
cells to overcome the toxic effect of TAC. In addition,

TAC might accelerate the dysfunction of the same path-

ways altered by insulin resistance. Finally, calcineurin

and nuclear factor of activated T cells 2 (NFAT2), com-

mon targets of TAC and CsA, have a relevant role in b
cell function and integrity (24), and the inhibition of this

pathway may also promote b cell dysfunction.

We hypothesize that TAC (compared with CsA) acceler-

ates b cell damage in pathways already altered by insulin

resistance (i.e. PDX1, MafA, NeuroD, FoxO1, calcineurin,

NFAT2). In this study, we evaluated (a) the changes in

these transcription factors and in insulin content and

secretion in b cells (INS-1 cell line) treated with TAC or

CsA in normal and glucolipotoxic conditions and (b) the

localization of these transcription factors in b cells of pan-

creata of OZRs and LZRs on TAC or CsA.

Research Design and Method

B Cells in culture

Cell line maintenance: Rat insulinoma INS-1 b cells

were cultured in RPMI-1640 medium with 11 mM

glucose, 10% (vol/vol) heat-inactivated fetal bovine

serum, 1 mM pyruvate, 10 mM HEPES, 50 lM
b-mercaptoethanol, 2 mM glutamine, 100 U/mL

penicillin, and 100 lg/mL streptomycin in a humidified

atmosphere with 5% CO2. Media was renewed every

48 h, and maintenance culture was passaged at 80%

confluence by gentle trypsin treatment. Cells were

seeded in dishes of 55 cm2, with 8 mL of complete

medium, at a final density of 2 9 104 cells/cm2.

Experimental design: Glucolipotoxicity: Cells were cul-

tured in 24-well plates and treated for 5 days with glucose

(22 mM), palmitate (100 lM), or both (Figure S1A). INS-1

cells live in a standard medium with 11 mM of glucose. To

reproduce an insulin-resistant environment, we increased

glucose up to 22 mM and added palmitate (100 lM).

Although higher concentrations such as 33 mM (glucose) and

200 lM (palmitate) are used in models of glucolipotoxicity

(25), we chose lower concentrations to mimic moderate

insulin resistance and to avoid apoptosis induced by high

concentrations of glucose or palmitate (25–27).

Calcineurin inhibitors: CsA (250 ng/mL) or TAC (15 ng/

mL) was added for 48 h to cells incubated on standard

medium for 72 h (Figure S1A). These concentrations

were derived from our previous experiments in rats, in

which these levels induced diabetes in obese but not in

lean animals (13). In a sensitivity analysis, we explored

the effect of higher and lower concentrations: CsA at 25

and 500 ng/mL and TAC at 5 and 30 ng/mL.

Interaction between TAC or CsA and
glucolipotoxicity: Cells were treated for 5 days with

glucose (22 mM) and/or palmitate (100 lM), and TAC or

CsA was added on the last 2 days (Figure S1A).

Reversibility of TAC-related changes: Two groups of

INS-1 cells were treated for 10 days with glucose and

palmitate, and TAC was added on days 4 and 5 and

subsequently either withdrawn (reversibility group) or

changed to CsA (conversion group) for 5 days (Figure S1A).

All conditions were analyzed in triplicate, and experiments

were performed three times.

Immunofluorescence analysis: In this analysis, 1 9 104

cells were seeded on sterilized 12-mm-diameter

coverslips in 24-well plates and treated as explained

above. After treatment, cells were washed with

phosphate-buffered saline (PBS) and fixed with 4%

paraformaldehyde for 10 min at room temperature. Slides

were then permeabilized for 10 min with 0.1% Triton X-

100 in PBS. Cells were blocked for 30 min with 3% bovine

serum albumin, incubated at 4°C overnight with the

primary antibody, and then washed and incubated for

40 min with the secondary antibodies. Images were taken

with a Leica confocal microscope (Leica, Wetzlar,

Germany) and analyzed using ImageJ software (National

Institutes of Health, Bethesda, MD) and the JACoP plug-in

to determine colocalization coefficients. The following

primary antibodies were used: rabbit anti-FoxO1 (1:500;
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Abcam, Cambridge, UK), rabbit anti-PDX-1 (1:500; Abcam),

rabbit anti-MafA (1:200; Abcam), mouse anti-NeuroD

(1:100; Abcam), and rabbit anti–active caspase 3 (1:100;

Cell Signaling Technology, Danvers, MA) as a marker of

apoptosis. Secondary antibodies were Alexa Fluor anti-

mouse or antirabbit (1:600; Life Technologies, Carlsbad,

CA). DNA was stained with DAPI (40,6-diamidino-2-

phenylindole). Results of nuclear localization are

expressed as the proportion of DAPI colocalized with each

transcription factor.

Insulin secretion and content: The secretion of insulin

was analyzed according to Fu et al (28). In brief, we

seeded 5 9 104 cells per well in a 24-well culture plate

in 1 mL of RPMI medium. After the treatments indicated

above (Figure S1A), cells were washed twice with Krebs-

Ringer bicarbonate buffer (KRBB) and then sensitized

with 2.8 mM glucose in KRBB for 30 min at 37°C (basal

insulin). To measure glucose-stimulated insulin secretion

(GSIS) and content, cells were incubated for 30 min

at 37°C in 1 mL KRBB with 16.8 mM glucose in the

presence of CsA or TAC. Insulin secretion was

measured in supernatants. Cells were lysed overnight at

4°C with acidified ethanol (1 mL with 75% ethanol plus

0.5% HCl) to measure the remaining insulin content.

Insulin was measured by ELISA (Mercodia, Uppsala,

Sweden). All experiments were repeated seven times

(n = 7) and the measurements were done in duplicate.

Total insulin was calculated as insulin secretion after

GSIS plus the insulin content, and the percentage of

secretion was calculated as (insulin secretion / total

insulin) 9 100.

Activity of calcineurin and NFAT2 expression:
Calcineurin activity was measured by the calcineurin

phosphatase activity assay kit (ab139464; Abcam). After

treatments, INS-1 cells were lysed with the supplied

buffer, and the extracts were exposed to a desalting resin

to remove the excess free phosphate and nucleotides.

The extracts were then incubated with the calcineurin

substrate RII phosphopeptide and EGTA buffers at 30°C
for the 30 min to determine phosphatase activity, total

and without calcineurin, respectively. Next, 100 lL of a

green assay reagent were added to visualize the

phosphate release. The color was allowed to develop at

room temperature for 20 min before detection of the

absorbance value at 620 nm on the microplate spec-

trophotometer. The absorbance value A620, total�A620, EGTA

buffer was converted to phosphate release using the

standard curve line-fit that was prepared in each assay

(n = 3). The phosphate release was adjusted to total

protein concentration to obtain calcineurin activity (nmol/

lg per microliter).

The expression of NFAT2 was measured by western blot

in INS-1 cells (n = 3). We separated nuclear and cytoplas-

mic fractions, as reported by Kawamori et al (29). The

concentration of protein was determined with the bicin-

choninic acid method. We performed a western blot with

50 lg of total protein from nuclear fraction. The levels of

NFAT2 were normalized to histone H3. Protein bands

were detected by ECL western blotting reagent (Bio-Rad,

Hercules, CA). To evaluate dose-response changes in

the activity of calcineurin and the expression of NFAT2,

the experiments were repeated using lower and higher

doses of CsA (25 and 500 ng/mL) and TAC (5 and

30 ng/mL).

RNA extraction and retrotranscription: INS-1 cells

were scraped and homogenized in ice-cold buffer D

containing guanidinium thiocyanate for RNA isolation by the

Chomczynski method (30). The purity and concentration of

RNA were determined by NanoDrop 2000 (Thermo Fisher,

Waltham, MA). Total RNA retrotranscription was performed

with the ImProm-II reverse transcription kit (Promega,

Madison,WI).

Real-time polymerase chain reaction: Insulin 1 (Ins1)

and insulin 2 (Ins2) gene expression was evaluated using

Gapdh as an internal control by real-time reverse tran-

scriptase polymerase chain reaction. The oligonucleotides

used for the Ins1 gene were 50-TCAGCAAGCAGGT
CATTGTTC-30 (forward primer) and 50-GGGTCCTCCACTT
CACGAC-30 (reverse primer); oligonucleotides used for

Ins2 were 50-TTCTCACTTGGTGGAAGCTCT-30 (forward

primer) and 50-GTTGTGCCACTTGTGGGTCC-30 (reverse

primer). Gene expression is represented as 2�ΔΔCt, and

the statistical comparisons were made between average

2�DCt values of three experiments.

Studies in pancreata of OZRs and LZRs: We analyzed

pancreata of insulin-resistant OZRs and insulin-sensitive

LZRs from previous experiments (13,14). Animals (15 for

OZR and 7 for LZR) were treated with daily

intraperitoneal injections of vehicle (PBS), TAC (0.3 mg/

kg per day), or CsA (2.5 mg/kg per day) during 11 days.

In a subgroup of OZRs, TAC was withdrawn or replaced

by CsA for 5 additional days (Figure S1B). Diabetes was

diagnosed by repeated fasting glucose measurement and

by intraperitoneal glucose tolerance tests performed at

baseline and at the end of the experiment. All OZRs on

TAC developed diabetes, whereas only 40% of those on

CsA did. No LZRs treated with TAC or CsA developed

diabetes. OZRs treated with TAC showed lower b cell

proliferation and insulin gene expression than those

treated with CsA. TAC withdrawal or conversion to CsA

in animals with hyperglycemia reversed diabetes and

increased b cell proliferation and insulin gene expression.

b cell apoptosis was not increased in animals with

diabetes induced by TAC or CsA. The ethics committee

of the University of La Laguna approved all experiments.

Immunohistochemistry of pancreata from OZRs and
LZRs: To corroborate the results of the experiments in
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INS-1 cells, we performed immunohistochemistry

analysis in sections of the pancreata from OZRs and

LZRs to evaluate the nuclear localization of FoxO1,

MafA, PDX1, NeuroD, and NFAT2. Sections of

pancreata fixed during 24 h in 4% paraformaldehyde

and paraffin embedded were cut at 3-lm thickness and

mounted on separate slides for immunohistochemistry

(n = 5 per treatment). We analyzed nuclear levels of FoxO1

(1:500; Abcam), MafA (1:250; Abcam), PDX-1 (1:500;

Abcam), NeuroD1 (1:250; Abcam), and NFAT2 (1:500;

Abcam) in pancreatic islets, using a secondary horseradish

peroxidase–conjugated antibody with diaminoben-

zidine as chromogen. All images were captured with an

Olympus DP72 camera (Olympus, Tokyo, Japan) fitted to

an Olympus DX41 microscope (Olympus) and then

analyzed using ImageJ software (National Institutes of

Health) and the Wright Cell Imaging Facility plug-in from the

Western Research Institute (Toronto, Canada).

Statistical analyses
Data are expressed as mean plus or minus standard

deviation. Statistical analyses were performed by

ANOVA. Post hoc pairwise comparisons were performed

with the Tukey test.

Results

B cells in culture: glucolipotoxicity, calcineurin
inhibitors, and nuclear factors
Glucolipotoxicity: Glucose (22 mM), palmitate

(100 lM), or both induced a comparable increase in

nuclear FoxO1 (Figure 1A). Nuclear MafA and PDX-1

were significantly reduced only by glucose plus palmitate

(Figure 1A). Metabolic interventions did not affect

NeuroD (Figure 1A).

TAC and CsA alone: In cells on maintenance medium,

neither TAC (15 ng/mL) nor CsA (250 ng/mL) affected

FoxO1, MafA, or NeuroD, and both drugs reduced

nuclear PDX-1 (Figure 2A).

The combined effect of glucolipotoxicity and
calcineurin inhibitors: Glucose + palmitate and TAC

increased nuclear FoxO1 and reduced nuclear MafA,

whereas glucose + palmitate and CsA did not induce

these changes (Figure 3A). Calcineurin inhibitors (CNIs)

on top of metabolic stressors did not affect PDX-1.

Glucose plus palmitate and CsA did not modify nuclear

NeuroD, and the same combination with TAC reduced

NeuroD compared with control (Figure 3A).

TAC withdrawal and conversion to CsA: TAC
withdrawal and conversion to CsA restored nuclear

FoxO1 and MafA (Figure 4A). We focused on FoxO1 and

MafA, which showed major changes in the previous

experiments.

Β cells in culture: glucolipotoxicity, CNIs, and insulin
secretion and content

Glucolipotoxicity: The combination of glucose and

palmitate reduced insulin content but did not affect

insulin secretion (Figure 1B).

TAC and CsA alone: In cells on maintenance medium

(without glucose and palmitate), CNIs did not influence

insulin secretion or content (Figure 2B).

The combined effect of glucolipotoxicity and CNIs:
Glucose plus palmitate and TAC reduced insulin

secretion, whereas glucose plus palmitate and CsA did

not (Figure 3B). Glucose plus palmitate and TAC or CsA

comparably reduced insulin content (Figure 3B).

TAC withdrawal and conversion to CsA: Compared

with cells on glucose plus palmitate, insulin secretion

and content improved after TAC withdrawal or

conversion to CsA (Figure 4B).

Insulin gene expression: Glucose plus palmitate alone

did not change the expression of Ins1 and Ins2 genes.

Glucose plus palmitate plus TAC induced greater

reduction of both genes than glucose plus palmitate and

CsA (Figures S2A and B).

B cells in culture: activity of calcineurin and
expression of NFAT2

Glucolipotoxicity: The combination of glucose and

palmitate increased the activity of calcineurin (Figure 5A) and

the expression of NFAT2 compared with control (Figure 5B).

TAC and CsA alone: No relevant changes were

observed in this pathway in cells on maintenance medium

that were treated with only TAC or CsA at the doses used

in our study and at lower or higher doses (Figure S3).

The combined effect of glucolipotoxicity and CNIs:
TAC and CsA diminished the increased activity of calcineurin

and NFAT in cells growing on glucose plus palmitate. This

was confirmed with lower, intermediate, and higher doses

of TAC and CsA (Figure 5A and B). The reductions in

calcineurin and NFAT were comparable for TAC and CsA.

Sensitivity analysis:

No changes in the nuclear localization of active caspase

3 were observed in the studied groups (Figure S4).
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Figure 2: Effect of calcineurin inhibitors after 2 days of treatment in INS-1 cells. (A) Nuclear localization of forkhead box protein

O1 (FoxO1), v-maf musculoaponeurotic fibrosarcoma oncogene homolog A (MafA), pancreatic and duodenal homeobox 1 (PDX-1), and

neuronal differentiation 1 (NeuroD). All treatments were done in triplicate for each molecule, and three different pictures were taken

in each replicate (n = 9). (B) Insulin content and percentage of insulin secreted by INS-1 cells after stimulation of insulin secretion. All

experiments were done in triplicate (n = 3). Data are expressed as mean plus or minus standard deviation. *p < 0.01 versus control.

C, control; CsA, cyclosporine A; TAC, tacrolimus.

Figure 1: Effect of metabolic stressor in INS-1 cells. INS-1 cells grown in the presence of glucose (Glu) or/and palmitate (Pal) for

5 days. (A) Nuclear localization of forkhead box protein O1 (FoxO1), v-maf musculoaponeurotic fibrosarcoma oncogene homolog A

(MafA), pancreatic and duodenal homeobox 1 (PDX-1), and neuronal differentiation 1 (NeuroD). All treatments were done in triplicate

for each molecule, and three different pictures were taken in each replicate (n = 9). (B) Insulin content and percentage of insulin

secreted by INS-1 cells after stimulation of insulin secretion. All measurements were done in duplicate (n = 7). Data are expressed as

mean plus or minus standard deviation. Control group is common for the figure 1, 3 and 4. *p < 0.05 versus control; †p < 0.01 versus

control; ‡p < 0.001 versus control; §p < 0.05 versus GP; #p < 0.001 versus palmitate. C, control; G, glucose; P, palmitate.
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Lower concentrations of TAC (5 ng/mL) in cells on glu-

cose and palmitate induced lower nuclear FoxO1 and

higher nuclear MafA compared with 15 ng/mL of TAC. A

higher concentration of TAC (30 ng/mL) did not change

the effect on FoxO1 and MafA of the previous dose

(15 ng/mL) (Figure S5).

Pancreata of lean and obese rats: glucolipotoxicity,
CNIs, and nuclear factors

Glucolipotoxicity: The nuclear localization of FoxO1

and MafA was comparable between OZRs and LZRs.

Nuclear PDX-1 and NeuroD were increased in islets from

OZRs compared with LZRs (Figure 6).

TAC and CsA: In LZRs, the nuclear localization of

FoxO1, MafA, PDX-1, or NeuroD was similar in animals

treated with TAC, CsA, or PBS (Figure 6).

The combined effect of glucolipotoxicity, CNIs, and
nuclear factors: In islets from OZRs, TAC induced an

increase in nuclear FoxO1 and a decrease in nuclear

MafA compared with OZRs treated with CsA or PBS

(Figure 6). Nuclear PDX-1 was reduced in OZRs treated

with TAC compared with CsA or PBS. In all groups of

OZRs, nuclear NeuroD was significantly higher compared

with LZRs independent of the use of TAC or CsA

(Figure 6).

TAC withdrawal and conversion to CsA: In OZRs,

TAC withdrawal and conversion to CsA reduced nuclear

FoxO1 and increased nuclear MafA compared with

animals treated with TAC. Nuclear localization of PDX-1

increased with the conversion to CsA. No change was

observed in nuclear NeuroD. Finally, the changes in

nuclear factors were similar for TAC withdrawal and

conversion to CsA (Figure 7).

Expression of NFAT2: The expression of NFAT2 was

slightly reduced but comparable between obese animals

treated with TAC or CsA for 11 days (Figure 5C).

Discussion

We observed that CNIs, TAC in particular, induced b cell

dysfunction mainly in cells under metabolic stress. Inter-

estingly, TAC potentiated the changes in transcription

factors and insulin secretion and content already induced

by glucolipotoxicity. In the presence of glucose and

palmitate, TAC promoted (a) an increase in nuclear

FoxO1 and a reduction in nuclear MafA compared with

CsA and (b) reduction of insulin content with lower

Figure 3: Combined effect of metabolic stressors and calcineurin inhibitors in INS-1 cells. (A) Nuclear localization of forkhead

box protein O1 (FoxO1), v-maf musculoaponeurotic fibrosarcoma oncogene homolog A (MafA), pancreatic and duodenal homeobox 1

(PDX-1), and neuronal differentiation 1 (NeuroD). All treatments were done in triplicate for each molecule, and three different pictures

were taken in each replicate (n = 9). (B) Insulin content and percentage of insulin secreted by INS-1 cells after stimulation of insulin

secretion. All experiments were done in triplicate (n = 3). Representative images obtained for the different treatments and transcrip-

tion factors in INS-1 cell line. Data are expressed as mean plus or minus standard deviation. Control group is common for the figures

1, 3 and 4. *p < 0.001 versus control; †p < 0.01 versus control; ‡p < 0.05 versus control; §p < 0.05 versus GP-TAC; #p = 0.02 versus

control, p = 0.03 versus GP-CsA. C, control; CsA, cyclosporine A; G, glucose; P, palmitate; TAC, tacrolimus.

2834 American Journal of Transplantation 2017; 17: 2829–2840

Tri~nanes et al



insulin secretion comparable to CsA. These changes

were reversible after TAC withdrawal or conversion to

CsA. In the absence of glucose and palmitate, neither

CsA nor TAC induced significant changes in nuclear

FoxO1, MafA, NeuroD, or insulin secretion and content.

These findings were confirmed by immunohistochemistry

analyses in pancreata of obese and lean animals receiving

TAC or CsA. Obese animals treated with TAC showed

higher nuclear localization of FoxO1 as well as lower

nuclear MafA in pancreatic islets compared with those on

CsA. Neither TAC nor CsA produced changes in the tran-

scription factors studied in lean insulin-sensitive animals.

TAC withdrawal or the conversion to CsA reverted these

changes. Finally, glucose and palmitate increased the activ-

ity of calcineurin and the expression of NFAT. CNIs, acting

on top of glucose and palmitate, reduced calcineurin and

NFAT, and this reduction was comparable for TAC and CsA.

We observed that glucolipotoxicity induced changes in

transcription factors like MafA and FoxO1 in b cells

in vitro and in pancreases of OZRs. These results are in

line with publications showing that free fatty acids and

impaired glucose tolerance promote changes in MafA,

PDX-1, NeuroD, and FoxO1 (19,31). These alterations

may induce b cell dysfunction and mark progression

toward diabetes. In addition, our findings suggest that

we re-created a model of glucolipotoxicity in vitro to sup-

port the original findings in insulin-sensitive and -resistant

animals treated with TAC or CsA.

The major finding of this study is that TAC exacerbated

the same changes in nuclear transcription factors already

promoted by glucolipotoxicity. Consequently, it is plausi-

ble that TAC and glucolipotoxicity share similar pathways

in the induction of b cell dysfunction. The triumvirate

formed by glucose, palmitate, and TAC increased nuclear

FoxO1 and decreased nuclear MafA. In contrast, TAC did

not promote these changes in the absence of glucolipo-

toxicity, and CsA did not add any effect to glucolipotoxic-

ity alone. These results were confirmed in islets from

OZRs and LZRs treated with TAC or CsA. An underlying

insulin resistant milieu is crucial to induce b cell dysfunc-

tion with the use of TAC.

From a functional point of view, insulin content and

secretion were altered by glucose, palmitate, and CNIs.

Figure 4: Effect of TAC withdrawal/conversion to CsA in INS-1 cells. (A) Nuclear localization of forkhead box protein O1 (FoxO1),

v-maf musculoaponeurotic fibrosarcoma oncogene homolog A (MafA), pancreatic and duodenal homeobox 1 (PDX-1), and neuronal dif-

ferentiation 1 (NeuroD). All treatments were done in triplicate for each molecule, and three different pictures were taken in each repli-

cate (n = 9). (B) Insulin content and percentage of insulin secreted by INS-1 cells after sensitization and stimulation of insulin

secretion. All experiments were done in triplicate (n = 3). Data are expressed as mean plus or minus standard deviation. Control group

is common for the figures 1, 3 and 4. *p < 0.001 versus control; †p < 0.01 versus GP-TAC; ‡p < 0.05 versus GP-TAC; §p < 0.01 ver-

sus control; #p < 0.05 versus control, p < 0.002 versus GP-TAC-W; ¥p ≤ 0.05 versus control. C, control; CsA, cyclosporine A; G,

glucose; P, palmitate; TAC, tacrolimus.
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Glucose and palmitate induced a relevant decrease in

insulin content, whereas insulin secretion was main-

tained. This may reflect the known changes induced by

high glucose in insulin metabolism in b cells (32). TAC in

addition to glucose and palmitate reduced insulin secre-

tion, whereas CsA did not. Compared with CsA, TAC

may also affect insulin secretion in the context of glucol-

ipotoxicity. Previous studies analyzed the impact of CNIs

on insulin metabolism (13,14,33–35). Ozbay et al observed

that TAC and CsA inhibited, to the same extent, glucose-

stimulated insulin secretion in INS-1E cells (35); however,

cells were cultured for 24 h with standard medium,

whereas in our study, cells were cultured for 5 days with

glucose and palmitate. This may explain the differences

between studies. Finally, in cells growing on high glucose

and palmitate, TAC induced stronger inhibition of insulin

gene expression compared with CsA, which may con-

tribute to the diabetogenic effect of TAC in the context of

insulin resistance.

CsA and TAC bind to cyclophilin and FK506 binding pro-

tein, respectively, to form a complex that inhibits cal-

cineurin and leads to dephosphorylation of NFAT and

NFAT nuclear import. Glucose and palmitate increased

the activity of calcineurin and expression of NFAT. Previ-

ous reports showed that calcineurin and NFAT are acti-

vated in the context of hyperglycemia, promoting insulin

gene transcription and IRS-2 expression, which is

required for maintenance of b cell mass and function

(36,37). This is not unexpected because calcineurin and

NFAT regulate multiple factors that control b cell func-

tions and growth (24). In addition to overactivation of the

pathway, both TAC and CsA inhibited calcineurin and

reduced the expression of NFAT. Consequently, inhibi-

tion of calcineurin and NFAT in the context of glucolipo-

toxicity may play a role in the diabetogenic effect of TAC

and CsA; however, inhibition of calcineurin and NFAT

was comparable between TAC and CsA and was

observed at lower and higher doses of both CNIs.

Although TAC is supposed to be a more potent inhibitor of

calcineurin and NFAT than CsA, this has been observed

mainly in T cells (38,39). Few studies have analyzed inhibi-

tion of the calcineurin–NFAT pathway in b cells. Ozbay

et al also observed comparable inhibition of calcineurin

between CsA and TAC in b cells (INS-1E), even with doses

higher than those used in our experiments. In this study,

no effect on gene expression of NFAT was observed,

which may be a consequence of a short-term (24 h) exper-

iment (35). In the context of glucolipotoxicity, the inhibition

of the calcineurin–NFAT pathway by CNIs may be diabeto-

genic but does not explain the greater effect of TAC com-

pared with CsA. New studies are needed to elucidate

other pathways involved in b cell damage induced by TAC.

We have observed that TAC is more diabetogenic than

CsA only when given to patients with hypertriglyc-

eridemia, a marker of insulin resistance (12), which

Figure 5: Calcineurin activity and expression of nuclear fac-

tor of activated T cells 2 (NFAT2). (A) Calcineurin phosphatase

activity assay. Calcineurin activity was adjusted to total protein

concentration (n = 3). *Versus control, p ≤ 0.01; #versus GP,

p ≤ 0.01. (B) Western blot analysis of nuclear NFAT2 and his-

tone H3 (HisH3) on INS-1 cells. Treatment: CsA 25, 250, and

500 ng/mL; TAC 5, 15, and 30 ng/mL; n = 3. *Versus control,

p ≤ 0.001; #versus GP, p ≤ 0.001. (C) Representative images

of treatment with calcineurin inhibitors on pancreata obese

Zucker rats (OZRs). Histograms representing the proportion of

hematoxylin/Diaminibenzidine staining for NFAT2, each group

had five animals, and five islets per animal were analyzed (not

significant). C, control; CsA, cyclosporine A; G, glucose; P,

palmitate; TAC, tacrolimus.

2836 American Journal of Transplantation 2017; 17: 2829–2840

Tri~nanes et al



indicated an interaction between insulin resistance and

TAC. This hypothesis was further tested in OZRs and

LZRs (13). Importantly, only obese animals developed

diabetes with CNIs: all of those treated with TAC and

only 40% of those with CsA. The fact that cells treated

with TAC in a context of insulin resistance showed

reduced insulin content and secretion, with important

changes in relevant factors like FoxO1 and MafA, con-

firmed our previous results in rodents. Finally, the

changes in FoxO1 and MafA induced by TAC in the con-

text of glucolipotoxicity were dose dependent (Figure S5),

which may indicate that lower doses can be less toxic to

b cells. This may have important clinical implications.

We did not appreciate differences in apoptosis (caspase

3) between treatments in INS-1 cells; therefore, CNIs

may not induce b cell death, which is in line with the

reversibility of cell changes after TAC withdrawal or con-

version to CsA observed in our study. At 5 days after

drug withdrawal, nuclear levels of FoxO1 and MafA

returned to their previous state. Interestingly, the conver-

sion from TAC to CsA for 5 days produced similar recov-

ery in nuclear FoxO1 and MafA. Similar results were

observed in our previous study in animals (13). Conse-

quently, b cells are resilient to damage induced by CNIs

in both in vitro and in vivo studies. These results are in

line with studies in humans in which PTDM was reduced

to 42% after switching from TAC to CsA, even after

1 year of treatment (40,41). Finally, the reversibility

observed after the conversion from TAC to CsA may indi-

cate different mechanisms between both drugs besides

the common calcineurin inhibitory capacity.

Figure 6: Effect of calcineurin inhibitor on pancreatic islets in lean Zucker rats (LZRs) and obese Zucker rats (OZRs). Repre-

sentative images obtained for the different treatments and transcription factors in pancreata from animals. Histograms representing

the proportion of hematoxylin/Diaminibenzidine staining for forkhead box protein O1 (FoxO1), v-maf musculoaponeurotic fibrosarcoma

oncogene homolog A (MafA), pancreatic and duodenal homeobox 1 (PDX-1), and neuronal differentiation 1 (NeuroD). Each group had

five animals, and five islets per animal were analyzed. Data are expressed as mean plus or minus standard deviation. *p < 0.0001 ver-

sus LZR, versus LZR-CsA, versus LZR-TAC. †p < 0.001 versus OZR, versus OZR-CsA. ¥p < 0.01 versus LZR-CsA, versus LZR-TAC.
#p < 0.01 versus OZR.
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The limitations of this study are basically those derived

from the use of a cellular and animal model and the relia-

bility of extrapolating its results to humans. The INS-1 b
cell line was obtained from rats, and although our results

with INS-1 and with Zucker rats are similar, caution is

needed when trying to interpret these results in a human

context.

In conclusion, TAC potentiates the damage of insulin

resistance in b cells. This includes changes in transcrip-

tion factors and in insulin secretion and content. CsA

did not induce similar alterations. Consequently, the

interaction between TAC and insulin resistance may

explain the different diabetogenic effect between CNIs.

The inhibition of calcineurin and NFAT was comparable

for TAC and CsA, which may indicate a common path-

way of b cell damage; however, the effect on cal-

cineurin and NFAT may not explain the greater

diabetogenic effect of TAC compared with CsA. TAC-

specific pathways need further study, which may help

prevent PTDM.
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Figure S1: Experimental design and timeline. (A) b
Cells in culture. Metabolic stressors: cells growing for

5 days with glucose or/and palmitate. Calcineurin inhibi-

tors (CNIs) alone: cyclosporine A (CsA) or tacrolimus

(TAC) added for 2 days to cells growing in maintenance

medium. Metabolic stressors and CNIs: Cells growing for

3 days with high glucose and/or palmitate, and then CsA

or TAC was added for another 2 days. TAC withdrawal

or conversion to CsA: Cells growing for 3 days with high

glucose and palmitate, TAC was added for 2 more days

and then withdrawn or converted to CsA. (B) Pancreata

of obese and lean Zucker rats: Animals were treated

for 11 days with an intraperitoneal dose of vehicle

(phosphate-buffered saline), CsA (2.5 mg/kg), or TAC

(0.3 mg/kg)s and pancreata were extracted at day 12.

TAC withdrawal and conversion to CsA: At day 12, two

subgroups were changed to vehicle or CsA, respectively,

for 5 more days, and pancreata were extracted at

day 17.

Figure S2: Effect of the metabolic treatments and cal-

cineurin inhibitors on the expression of specific Ins1

gene (A) and Ins2 gene (B) (n = 3). Data are expressed

as mean plus or minus standard deviation. *Versus C,

p ≤ 0.0001; versus GP, p = 0.043; versus GPCsA,

p ≤ 0.05. #Versus C, p = 0.008. ∫Versus C, p ≤ 0.0001.

†Versus C, p ≤ 0.0001; versus GPCsA, p = 0.012. C, con-

trol; CsA, cyclosporine A; G, glucose; P, palmitate.

Figure S3: Calcineurin activity and expression of
nuclear factor of activated T cells 2 (NFAT2) in cells
on tacrolimus (TAC) or cyclosporine A (CsA). (A) Cal-
cineurin phosphatase activity assay. Calcineurin activity

was adjusted to total protein concentration (n = 3). *Ver-

sus control (C), p ≤ 0.05; #Versus TAC 15 and TAC 30,

p ≤ 0.05. (B) Western blot analysis of nuclear NFAT2 and

histone H3 on INS-1 cells. Treatment: C; CsA 25, 250,

and 500 ng/mL; TAC 5, 15, and 30 ng/mL; n = 3; not

significant.

Figure S4: Effect of the metabolic treatments and cal-
cineurin inhibitors in cleaved caspase 3 in INS-1 cells.
Histogram representing the nuclear localization of active

caspase 3. Representative microphotography for each

treatment.

Figure S5: Effect of different concentrations of tacro-
limus (TAC) in the nuclear localization of forkhead
box protein O1 (FoxO1) and v-maf musculoaponeu-
rotic fibrosarcoma oncogene homolog A (MafA) in
cells growing in 22 mM glucose and 100 lM palmi-
tate. Data are expressed as mean plus or minus stan-

dard deviation. *p < 0.05 and †p < 0.01 versus GP5TAC.

G, Glucose; P, palmitate; TAC 5, 15, 30 ng/mL.
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