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Abstract

Aims/hypothesis Ciliary neurotrophic factor (CNTF)
improves metabolic variables of obese animals with charac-
teristics of type 2 diabetes, mainly by reducing insulin
resistance. We evaluated whether CNTF was able to im-
prove other metabolic variables in mouse models of type 2
diabetes, such as beta cell mass and insulin clearance, and
whether CNTF has any effect on non-obese mice with
characteristics of type 2 diabetes.

Methods Neonatal mice were treated with 0.1 mg/kg CNTF
or citrate buffer via intraperitoneal injections, before injec-
tion of 250 mg/kg alloxan. HEPG2 cells were cultured for
3 days in the presence of citrate buffer, 1 nmol/l CNTF or
50 mmol/l alloxan or a combination of CNTF and alloxan.
Twenty-one days after treatment, we determined body
weight, epididymal fat weight, blood glucose, plasma insu-
lin, NEFA, glucose tolerance, insulin resistance, insulin
clearance and beta cell mass. Finally, we assessed insulin
receptor and protein kinase B phosphorylation in peripheral
organs, as well as insulin-degrading enzyme (IDE) protein
production and alternative splicing in the liver and HEPG2
cells.

Results CNTF improved insulin sensitivity and beta cell
mass, while reducing glucose-stimulated insulin secretion
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and insulin clearance in Swiss mice, improving glucose
handling in a non-obese type 2 diabetes model. This effect
was associated with lower IDE production and activity in
liver cells. All these effects were observed even at 21 days
after CNTF treatment.

Conclusions/interpretation CNTF protection against type 2
diabetes is partially independent of the anti-obesity actions
of CNTF, requiring a reduction in insulin clearance and
increased beta cell mass, besides increased insulin sensitivity.
Furthermore, knowledge of the long-term effects of CNTF
expands its pharmacological relevance.

Keywords Alloxan - Beta cell mass - CNTF - IDE - Insulin
clearance - Insulin resistance - Insulin secretion - Obesity -
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Abbreviations

AKT Protein kinase B

AMPK  AMP-activated protein kinase

CaMKII Calcium/calmodulin-dependent protein kinase II

CNTF Ciliary neurotrophic factor

GSIS Glucose-stimulated insulin secretion

IDE Insulin-degrading enzyme

IR Insulin receptor

kit Glucose decay constant rate during insulin
tolerance test

Introduction

Type 2 diabetes is a complex illness mainly characterised by
hyperglycaemia, usually associated with pancreatic islet
beta cell dysfunction, reduced insulin action on peripheral
organs, and alterations in insulin clearance. Although
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hyperglycaemia is a defining factor for diagnosis of type 2
diabetes, it is probably not the first change to occur, and the
alterations in insulin resistance, secretion and clearance vary
according to disease development. At onset of type 2 dia-
betes, and before hyperglycaemia is established, there is an
increase in insulin resistance, coupled with increased pan-
creatic islet beta cell insulin secretion and reduced insulin
clearance, leading to a normoglycaemic/hyperinsulinaemic
state.

Insulin resistance is characterised by decreased insulin
action on peripheral organs (mainly liver and skeletal mus-
cle) and reduced phosphorylation/activation of the insulin
receptor (IR), IRSs and components of the phosphatidylino-
sitol 3-kinase/protein kinase B (AKT) pathway. With time, a
loss of beta cell function occurs, as represented by a reduc-
tion in glucose-stimulated insulin secretion (GSIS), accom-
panied by loss of beta cell mass by apoptosis [1], leading to
hypoinsulinaemia.

Evidence also suggests that insulin clearance mostly
depends on degradation by the liver and plays a role in
glycaemic control [2, 3]. In hepatocytes, insulin degradation
is mediated primarily by the insulin-degrading enzyme
(IDE) [4].

Ciliary neurotrophic factor (CNTF) is a cytokine
from the IL-6 family that signals through the GP130
complex, composed, in the case of CNTF, of the CNTF
receptor «, leukaemia inhibitory factor receptor and GP130
itself, usually associated with modulation of the JAK/STAT
pathway [5, 6]. CNTF administration prevents or ameli-
orates obesity-induced type 2 diabetes [6—10] due, at
least in part, to a reduction in insulin resistance, provoked by
obesity, which is either genetic or induced by a high-fat diet
[7, 11, 12].

Furthermore, CNTF protects rat pancreatic islet beta cells
against apoptosis induced by IL-13 [13] and serum depri-
vation [14]. Thus it is possible that the anti-diabetogenic
effects of CNTF go beyond improvements in insulin sensi-
tivity, since it could contribute to maintenance of beta cell
mass. Studies associating CNTF with diabetic variables
have been performed in obesity-induced type 2 diabetes
models, and have been restricted to investigating metabolic
variables of peripheral organs, such as insulin sensitivity,
overall metabolic rate or reduction in fat weight [15, 16].
Thus it was not possible to ascertain whether the beneficial
effects of CNTF on diabetic metabolic variables were just
secondary to the reduction in obesity.

The aim of the present study was to evaluate whether
CNTF retains its ability to improve metabolic variables in a
well-established model of alloxan-induced non-obese type 2
diabetes, and also to determine whether CNTF controls
other physiological processes directly associated with type
2 diabetes besides insulin resistance, namely pancreatic islet
beta cell mass and insulin clearance.
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Methods

Reagents and solutions CNTF was kindly provided by A.
Negro (Universita di Padova, Italy). Alloxan tetrahydrate,
RT-PCR and western-blot reagents were acquired from Sigma
Aldrich, St Louis, MO, USA.

Animals Newborn (1-2 days old) Swiss mice (Unib:SW
strain), acquired from the State University of Campinas,
were maintained with their mothers on a 12 h light—dark
cycle at 20-21°C with controlled air humidity during the
entire experimental period.

Animal experimental design Type 2 diabetes was induced
by intraperitoneal injection of alloxan in 6-day-old mice,
as described elsewhere [17]. CNTF-treated mice received
six independent 0.1 mg/kg intraperitoneal injections of
CNTF before the alloxan injection: the first injection was
given to 2-day-old mice, the second was given 30 min
later, and the third after 2 h, along with further daily
doses until day 6, when mice received CNTF 1 h before
a 250 mg/kg dose of alloxan, a total of six doses of
CNTF. Experimental procedures and tissue samples were
carried out in 26—28-day-old mice. Animals were killed
in a CO,-saturated atmosphere immediately followed by
decapitation. Animal procedures were performed accord-
ing to the guidelines of the State University of Campinas
Animal Care Ethics Committee.

HOMA-insulin resistance HOMA-insulin resistance was
determined using HOMA calculator software (www.dtu.
ox.ac.uk/homacalculator/index.php, accessed 28 December
2011).

Tissue samples Liver samples from Swiss mice were
extracted, snap-frozen in liquid nitrogen, and stored for
subsequent protein and mRNA extraction. Pancreatic islets
were isolated from 26-28-day-old mice by the collagenase
method.

Pancreas and islet morphology, immunohistochemistry and
beta cell mass Methods were used as previously described
[18].

Experimental design for cell cultures HEPG2 cells were
cultured for 3 days in RPMI 1640 medium enriched with 1%
vol./vol. penicillin, 5% vol./vol. FBS and 10 mmol/l glucose.
Cells were divided into four different groups: control (received
only citrate buffer); CNTF (received 1 nmol/l CNTF); alloxan
(preincubated with citrate buffer for 48 h followed by 24 h with
50 mmol/l alloxan); and CNTF + alloxan (preincubated with
1 nmol/l CNTF for 48 h followed by 24 h incubation with
1 nmol/l CNTF plus 50 mmol/l alloxan).
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HEPG? protein extraction After 72 h of culture, cells were
incubated for 1 h with 10 ulU/ml insulin, then harvested by
trypsin/EDTA, washed twice with PBS, homogenised in urea
anti-protease/anti-phosphatase buffer, and stored at —80°C.

Western blot Western blots were carried out as previously
described [19].

Real-time RT-PCR Protein extracts from liver samples of
mice or from HEPG2 cells were homogenised in Trizol
after phenol/chloroform RNA extraction, according to
the manufacturer’s instructions (Gibco-BRL, Gaithers-
burg, MD, USA). To evaluate mRNA levels and search
alternatively spliced transcript variants of different size,
RT-PCR was carried out using complementary DNAs as
templates with TagDNA polymerase (Invitrogen/Life
Sciences, Grand Island, NY, USA) and corresponding
primers as described [20]. Relative quantities of target
transcripts were calculated from duplicate samples after
normalisation of the data against the endogenous control,
[3-actin (sense: '5-AGAGGGAAATCGTGCGTGACA-3';
anti-sense: '5-CGATAGTGATGACCTGACCGTCA3Z').

Pancreatic islet GSIS Batches of 10 islets each were pre-
incubated for 1 h in Krebs—Henseleit buffer solution
(KHBS) containing 0.5 g/l BSA and 5.6 mmol/l glucose,
and equilibrated with 95% O, and 5% CO, at 37°C.
The medium was discarded and the islets incubated for
a further period of 1 h in 1 ml KHBS now containing 2.8,
11.2 or 22.4 mmol/l glucose; subsequently, the supernatant
fraction was collected to evaluate insulin secretion, and
the remaining islets were homogenised in alcohol/acid
solution for measurement of total insulin content by
radioimmunoassay.

Intraperitoneal glucose tolerance test Swiss mice received
an intraperitoneal injection of glucose (1 g/kg in 0.9% NaCl)
after 8 h of fasting. Blood samples (75-100 pl) were col-
lected from the tail immediately before injection and after
15, 30, 45 and 120 min to determine glucose and insulin
concentrations. Glucose was evaluated by glucose strip on
an Accucheck Performa II instrument (Roche, Indianapolis,
Indiana, USA), and insulin was measured by radioimmuno-
assay, as previously described [14].

Intraperitoneal insulin tolerance test Non-fasted Swiss mice
received an intraperitoneal injection of insulin (1 U/kg). Blood
glucose was measured using test strips (Accu-check Performa
II) at baseline (0 min, before insulin administration) and 5, 10,
15, 20 and 30 min after insulin application. Glucose
measurements were then converted into natural logarithm
(Ln); the slope was calculated using linear regression (time
x Ln[glucose]) and multiplied by 100 to obtain the glucose

decay constant rate during the insulin tolerance test (kitt) per
minute (%/min).

In vivo insulin clearance We evaluated the plasma insulin
concentration of Swiss mice submitted to the intraperitoneal
insulin tolerance test. Insulin clearance was evaluated as
previously described [21]. The constant rate for insulin
disappearance (insulin decay) was calculated by first con-
verting insulin measurements into natural logarithm (Ln);
the slope was calculated using linear regression (time x Ln
[insulin]) and multiplied by 100 to obtain the insulin decay
constant rate per minute (%/min).

HEPG? insulin degradation After 3 days in culture, as
described, HEPG2 cells received a human regular insulin
bolus (10 pulU/ml). Samples (200 ul) of the culture medium
were collected immediately after insulin had been added
(0 min) and subsequently at 15 and 30 min. Insulin in the
medium was evaluated by radioimmunoassay, and insulin
clearance and decay were calculated as described above.

Statistical analysis Point-to-point comparisons were made
by Student’s ¢ test. Groups were compared by two-way
ANOVA using the unpaired Tukey—Kramer post test.
Results were considered significantly different if p<0.05.
In RT-PCR experiments, results were considered different
only if p<0.01.

Results

CNTF improves metabolic variables of non-obese type 2
diabetic Swiss mice In mice treated with CNTF, fasting
and non-fasting plasma insulin levels were lower than those
of controls but higher than those of alloxan-treated mice. In
addition, fasting and non-fasting blood glucose concentra-
tions in CNTF mice were also lower than those of both
control and alloxan-treated mice (Table 1). Alloxan-treated
mice had lower fasting insulin, associated with increased
fasting plasma glucose, characteristics typically associated
with type 2 diabetes. Furthermore, mice treated with CNTF
before alloxan partially recovered both blood glycaemia and
insulinaemia. Finally, CNTF improved insulin sensitivity and
prevented alloxan-induced insulin resistance, as evidenced by
the HOMA 1— insulin resistance and HOMA2— insulin resis-
tance indexes. None of these changes were accompanied by
alterations in total body weight, epididymal fat weight or
plasma NEFA (Table 1).

CNTF improves glucose tolerance and modifies insulin
dynamics in non-obese Swiss mice We analysed glucose
tolerance and insulin dynamics in Swiss mice treated as
described. Alloxan led to glucose intolerance (Fig. la,c),
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Table 1 Metabolic variables

Data are means + SEM
28-day-old Swiss mice were
treated at birth for 3 days with
1 nmol/I CNTF or citrate buffer
(control) before receiving a
single intraperitoneal dose of
250 mg/kg alloxan on the sixth
day of life or CNTF + alloxan.
n=4-6. *p<0.05 vs controls;

Variable Control CNTF Alloxan CNTF + alloxan
Fasting insulin (pmol/1) 93.5+4.3 79.7+1.8" 73.7+2.2"% 80.8+1.6"*
Non-fasting insulin (pmol/l) 11233+1243  452.3+31.7 186.3+22.6°F 757.2+57.0°1
Fasting glucose (mmol/l) 3.8+0.11 3.0+0.12° 11.0+0.47°7 5.2+0.27°1
Non-fasting glucose (mmol/l) 8.9+0.21 7.0+0.27" 14.0+0.57"" 9.1+0.28"
Body weight (g) 19.07+2.8 18.74+1.8 17.88+3.4 18.41+3.2
Epididymal fat weight (mg) 215.6+6.1 207.5+22.3 190.4+15.3 202.2+18.3
NEFA (umol/l) 817.6+98.6 749.7+148.7  927.5+124.3 803.8+137.9
HOMA I-insulin resistance 2.28+0.14 1.54+0.09" 5.18+0.30"" 2.68+0.19™
HOMA2-insulin resistance 1.52+0.04 1.27+0.05" 1.73+0.07" 1.47+0.05™

Tp<0.05 vs CNTF; ip<0.05
vs alloxan

associated with reduced insulin secretion during the glucose
tolerance test (Fig. 1b,d). CNTF improved glucose tolerance
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Fig. 1 CNTF improves glucose tolerance and modifies insulin dynam-
ics in non-obese Swiss mice. (a) Blood glucose and (b) plasma insulin
of 8 h fasted 28-day-old Swiss mice at 0, 15, 30, 45 and 60 min after
intraperitoneal injection of 1 g/kg glucose. Control (white squares),
CNTF (black squares), alloxan (white triangles) and CNTF + alloxan
(black triangles). AUC of (c¢) blood glucose and (d) plasma insulin of
non-fasted 28-day-old Swiss mice. Control (white bars), CNTF (grey
bars), alloxan (hatched bars) and CNTF + alloxan (black bars). n=4-6.
Data are means = SEM. *p<0.05 vs controls; 7p<0.05 vs CNTF; ip<
0.05 vs alloxan
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(Fig. la,c), without concomitant alterations in overall
(60 min) insulin secretion during the glucose tolerance test
(Fig. 1d). CNTF altered insulin dynamics, presenting a
lower insulin secretion peak at 15 min, associated with a
higher insulin concentration thereafter (Fig. 1b). Moreover,
CNTF pretreatment prevented alloxan-induced deficiencies
in glucose tolerance (Fig. la,c), insulin secretion (Fig. 1d)
and insulin dynamics (Fig. 1b).

CNTF improved insulin sensitivity and prevented alloxan-
induced insulin resistance in non-obese Swiss mice Alloxan-
or CNTF-induced alterations in glucose tolerance and insu-
lin dynamics could be related to various factors, particularly
insulin secretion, peripheral insulin sensitivity and insulin
degradation. Alloxan induced marked insulin resistance,
which was reversed by CNTF in non-obese Swiss mice, as
demonstrated by the higher insulin tolerance test (Fig. 2a,b)
and lower kipr (Fig. 2c) of alloxan-treated mice.

CNTF improved insulin signalling (pIR and pAKT) in the
liver, skeletal muscle, adipose tissue and hypothalamus of
non-obese Swiss mice and in HEPG2 cells In order to
evaluate the effects of CNTF and/or alloxan on insulin
signalling, we measured IR and AKT phosphorylation in
several insulin-responsive organs of non-fasted Swiss mice
and cultured HEPG2 cells, in the presence or absence of
CNTF and/or alloxan. Before organ extraction, mice re-
ceived 1 IU/kg insulin, while HEPG2 cells were exposed
to 10 ulU/ml insulin 1 h before harvesting. As expected,
alloxan impaired, whereas CNTF increased and reversed
alloxan-impaired, IR and AKT phosphorylation in liver
(Fig. 3), skeletal muscle, adipose tissue, hypothalamus
(electronic supplementary material [ESM] Fig. 1) and
HEPG2 cells (Fig. 3).

CNTF partially recovers insulin secretion from pancreatic
islets exposed to alloxan Our results so far have shown that
CNTF reversed alloxan-induced glucose intolerance and
insulin resistance in mice and that these effects could, at
least in part, be explained by a CNTF-induced improvement



Diabetologia (2012) 55:1495-1504

1499

1204

100 -

804

60 1

Blood glucose
(% of basal)

40

0 15 30
Time (min)

=
n

b c
[ &]
=2
< .5 ‘=
2= =
3 5 -
N E

=
BE =2
P 0 0.0
=2} Control CNTF Alloxan CNTF Control CNTF Alloxan CNTF

Alloxan Alloxan

Fig. 2 CNTF improved insulin sensitivity and prevented alloxan-
induced insulin resistance in non-obese Swiss mice. (a) Blood glucose
at 0, 5, 10, 15 and 30 min, (b) AUC of blood glucose, and (¢) At of
28-day-old Swiss mice after intraperitoneal injection of 1 IU/kg insu-
lin. Control (white squares), CNTF (black squares), alloxan (white
triangles) and CNTF + alloxan (black triangles). Control (white bars),
CNTF (grey bars), alloxan (hatched bars) and CNTF + alloxan (black
bars). n=4-6. Data are means + SEM. *p<0.05 vs controls; tp<0.05
vs CNTF; {p<0.05 vs alloxan

in hepatocyte cell insulin signalling. However, these effects
could not explain the alterations observed in plasma insulin
and insulin dynamics. To assess the origin of such
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Fig. 3 CNTF improved insulin signalling (pIR and pAKT) in the liver
of non-obese Swiss mice (a, b) and in HEPG?2 cells (¢, d). Phosphor-
ylation of IR (a) and AKT (b) in protein extracts from liver of non-
fasted 28-day-old Swiss mice after an intraperitoneal dose of 1 [U/kg
insulin. Phosphorylation of IR (¢) and AKT (d) of protein extracts from
HEPG?2 cells after 1 h exposure to 10 plU/ml insulin. Control (white
bars), CNTF (grey bars), alloxan (hatched bars) and CNTF + alloxan
(black bars). n=3—4. Data are means + SEM. *p<0.05 vs controls; p<
0.05 vs CNTF; {p<0.05 vs alloxan

alterations, we analysed GSIS in islets isolated from mice
treated with alloxan, CNTF or alloxan plus CNTF. First, we
found that CNTF, alloxan or a combination of both had no
effect on insulin secretion at sub-stimulatory (2.8 mmol/l)
glucose concentrations. In addition, both CNTF and alloxan,
alone or in combination, impaired insulin secretion at stim-
ulatory (11.2 mmol/l) as well as at super-stimulatory
(22.4 mmol/l) glucose concentrations, although alloxan-
induced impairment was greater than that observed for
CNTF (Fig. 4a). More importantly, CNTF partially recov-
ered the insulin secretion from pancreatic islets of mice
exposed to alloxan. Alloxan reduced, whereas CNTF in-
creased and prevented the alloxan-induced reduction in,
pancreatic islet insulin content (Fig. 4b).

CNTF increases beta cell mass and prevents alloxan-

induced loss of beta cell mass CNTF or alloxan, alone or
in combination, did not alter the pancreas weight (data not
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Fig. 4 CNTF partially recovers insulin secretion from islets assessed
ex vivo from mice exposed to alloxan. Insulin secretion (a), total
insulin content (b) of pancreatic islets isolated from non-fasted 28-
day-old Swiss mice and incubated for 1 h in the presence of 2.8, 11.2 or
22.4 mmol/l glucose. Control (white bars), CNTF (grey bars), alloxan
(hatched bars) and CNTF + alloxan (black bars). The DNA content
(nmol/islet) of each group was also evaluated: control 17.5£1.1, CNTF
22.2+1.0*, ALOX 8.3+£0.6*f and CNTF + ALOX 18.8+1*{. n=8-
12. Data are means = SEM. *p<0.05 vs controls; 1p<0.05 vs CNTF;
1p<0.05 vs alloxan

@ Springer



1500

Diabetologia (2012) 55:1495-1504

shown). However, CNTF prevented the alloxan-induced
reduction in the number of islets per pancreas (Fig. 5c),
but not the alloxan-induced reduction in islet size
(Fig. 5d). CNTF increased beta cell area per islet and also
prevented the alloxan-induced reduction in beta cell area per
islet (Fig. Se). In addition, alloxan reduced, whereas CNTF
increased, beta cell mass, and CNTF prevented the alloxan-
induced reduction in beta cell mass. Finally, alloxan increased,
whereas CNTF directly reduced and prevented the alloxan-
induced increase in DNA fragmentation in pancreatic islets

(Fig. 5%).
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Fig. 5 CNTF increases beta cell mass and prevents alloxan-induced
beta cell mass loss through reduced pancreatic islet DNA fragmenta-
tion and apoptosis. (a) Representative image of pancreatic islets
obtained by immunohistochemistry from the pancreas of non-fasted
28-day-old Swiss mice. We also evaluated the number of islets per
pancreas (b), average size of each individual islet (c), area of the
pancreas occupied by beta cells (d), estimated total beta cell mass
(e), and DNA fragmentation (f). Control (white bars), CNTF (grey
bars), alloxan (hatched bars) and CNTF + alloxan (black bars). n=4—6.
Data are means + SEM. *p<0.05 vs controls; tp<0.05 vs CNTF;
1p<0.05 vs alloxan
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CNTF reduced insulin degradation in the liver of Swiss mice
and in HEPG2 cells In addition, we evaluated the removal
of insulin from plasma, or insulin clearance, from non-obese
type 2 diabetic mice as well as in vitro insulin degradation by
HEPG2 cells. Alloxan had no effect whatsoever on insulin
degradation in vivo (Fig. 6a—c) or in vitro (Fig. 6d—f). In vivo,
CNTF reduced insulin degradation (Fig. 6a) and insulin decay
rate (Fig. 6b), resulting in prolonged exposure of tissues to
insulin during the 60 min of measurement (Fig. 6¢). As most
of the insulin is degraded by the liver, we also evaluated
whether CNTF affects the capacity of HEPG2 cells to clear
insulin from the culture medium. CNTF reduced in vitro
insulin degradation (Fig. 6d) and decay rate (Fig. 6¢), resulting
in a higher exposure of cells to insulin for 1 h (Fig. 6f).

CNTF reduced Ide expression and activity in the liver of
Swiss mice and in HEPG?2 cells Finally, we verified how
CNTF reduced in vivo and in vitro insulin degradation. We
evaluated Ide expression and alternative splicing in liver
samples and HEPG2 cells. CNTF reduced IDE protein and
Ide mRNA levels in the liver (Fig. 7a,b) and in HEPG2 cells
(Fig. 7e,f). Moreover, CNTF reduced both higher-activity
(Fig. 7c) and lower-activity (Fig. 7d) IDE isoforms in liver,
although it reduced the higher-activity isoform to a greater
extent. Similar results were obtained in HEPG2 cells

(Fig. 7g,h).

Discussion

It is well established that overt type 2 diabetes is character-
ised by increased insulin resistance, impaired insulin secre-
tion, reduced beta cell mass, and impaired insulin
degradation. However, how and when these dysfunctions
appear during the development of the illness is still unclear.
CNTF improves metabolic profiles and insulin sensitivity in
obese type 2 diabetic mice, but whether it affects peripheral
insulin sensitivity directly, or indirectly by ameliorating
obesity and preventing obesity-induced insulin resistance,
is not known. To address this issue, we used a non-obese
mouse model that mimics the alterations observed in late
type 2 diabetes. In this model, conceived by Kodama et al.
[17], alloxan was administered to 6-day-old Wistar rats,
which showed higher plasma glucose levels, associated with
increased insulin resistance. Also, unlike rats treated with
streptozotocin, those treated with alloxan were permanently
hyperglycaemic and insulin resistant, since insulin produc-
tion by pancreatic 3 cells was not recovered. Thus this is a
suitable model of non-obese type 2 diabetes for evaluating
CNTF effects. In the present study, the alloxan-treated mice
showed glucose intolerance, insulin resistance, hyperglycae-
mia and hypoinsulinaemia, but without any increase in
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weight, plasma NEFA levels or adipose tissue (Table 1),
justifying its applicability to answer our questions.

Before starting the long-term experiment with CNTF, we
tested its acute in vivo ability to reduce blood glucose of
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Fig. 7 CNTF reduced IDE levels and activity in the liver of Swiss
mice (a—d) and in HEPG2 cells (e-h). IDE protein production (a), total
Ide mRNA levels (b), high-activity /de transcript mRNA levels (¢), and
low-activity Ide transcript mRNA levels (d) from livers of non-fasted
28-day-old Swiss mice. IDE protein production (e), total /de mRNA
levels (f), high-activity Ide transcript mRNA levels (g), and low-
activity Ide transcript mRNA levels (h) of HEPG2 cells cultured for
3 days. Control (white bars), CNTF (grey bars), alloxan (hatched bars)
and CNTF + alloxan (black bars). n=4—6 for mice and n=3—-4 for
HEPG2 cells. Data are means + SEM. *p<0.05 and **p<0.01 vs
controls; Tp<0.05 vs CNTF; {p<0.05 and £1p<0.01 vs alloxan

60-day-old Swiss mice, and found that it was effective under
these conditions (ESM Fig. 2). Subsequently, the long-term
protocol was initiated and we found that, in an apparent
paradox, CNTF reduced glycaemia and insulinaemia in both
control and alloxan-treated mice. CNTF does improve insulin
sensitivity and overcomes insulin resistance [9, 11, 15] in a
multifactorial fashion that seems to involve control of the
central nervous system through regulation of hypothalamic
AMP-activated protein kinase (AMPK) activation in leptin-
resistant obese mice [22], improved skeletal muscle glucose
uptake through the phosphatidylinositol 3-kinase pathway in
obese mice [23], reversal of obesity-induced skeletal muscle
insulin resistance by AMPK activation [12], and overall
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overcoming of leptin resistance and deficiency [8]. However,
there is no information available regarding the ability of
CNTF to improve insulin sensitivity when dissociated from
obesity and/or leptin resistance, and we found that CNTF also
improves insulin sensitivity regardless of its well-known anti-
obesity properties [8, 10, 15, 16]. Moreover, CNTF improves
insulin signalling in mouse liver and HEPG2 cells (Fig. 3), as
well as in skeletal muscle, adipose tissue and hypothalamus of
mice (ESM Fig. 1). This is in accordance with previous results
showing that CNTF reduces hepatic steatosis in db/db mice
[16], and also directly modulates in vivo and in vitro hepato-
cyte functions [24, 25]. In db/db mice, CNTF reduced plasma
insulin, glucose, NEFA, triacylglycerol and cholesterol to
levels observed in control (db/?) mice [16], thus reinforcing
our initial doubt as to whether the beneficial effects of CNTF
treatment occur directly, via effects on insulin secretion and
sensitivity, or indirectly, as a result of a reduction in obesity.
As CNTF still improved metabolic variables in our non-obese
type 2 diabetes mice, we conclude that CNTF directly
improves insulin sensitivity, regardless of its anti-obesity
properties.

However, improved insulin sensitivity probably does not
account for the lower plasma insulin levels in CNTF-treated
mice, so we evaluated pancreatic islet insulin secretion and
beta cell mass. We found that alloxan disrupts, whereas
CNTF impairs, GSIS, in accordance with the literature and
with results from our group [13, 14, 26]. The novelty here is
that CNTF partially recovers GSIS in pancreatic islets from
alloxan-treated mice. These results could, at least in part,
explain the lower insulinaemia of CNTF-treated mice, as
well as the partial recovery of alloxan-treated mice pre-
treated with CNTF. We also observed that, as expected,
alloxan severely reduced beta cell mass, whereas CNTF
increased beta cell mass and protected mice against the loss
of beta cell mass induced by alloxan. We previously
reported that CNTF protects rat pancreatic islets against
apoptosis induced by serum deprivation [14] and IL-1f3
inflammatory cytokine [13], in vitro; however, these experi-
ments were carried out with isolated islets in a well-
controlled environment. Here, we show that CNTF protects
pancreatic islets against apoptosis in an in vivo model that
closely resembles type 2 diabetes. We have recently found
that the apoptosis of pancreatic islets, induced by alloxan as
well as IL-1(3, required AMPK activation, and that CNTF
reduced pancreatic islet apoptosis through downregulation
of the AMPK pathway, more precisely via CaMKII/AMPK
downregulation [19], indicating a possible mechanism of
action of CNTF on beta cell mass. Moreover, given the
long-term effects of alterations in CaMKII activity, consid-
ered a ‘memory molecule’ [27], we deduce that the down-
regulation of CaMKII in pancreatic islets by CNTF could, at
least in part, explain the prolonged (3 weeks) effects of
CNTF.
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However, the CNTF-induced reduction of GSIS and in-
crease in beta cell mass does not solely explain the alteration
in insulin dynamics observed in CNTF-treated mice: a lower
initial insulin burst followed by higher insulin levels. After
secretion, insulin is removed from the plasma, mainly by the
liver [28], in a process called insulin clearance, which is
altered in obesity [29] and type 2 diabetes [2, 30, 31] animal
models, and is also commonly associated with obesity [32,
33] and type 2 diabetes in human patients [2, 3, 34]. It is
well accepted that, in type 2 diabetes, insulin clearance is
usually impaired and associated with insulin resistance and
loss of beta cell mass. However, it is not known whether this
reduction is an early cause and precedes the other symptoms
[2, 30, 35] or whether this is a compensatory mechanism to
ameliorate the effects of lower insulin secretion and in-
creased insulin resistance [21, 36, 37].

An additional difficulty to solving this dilemma is that
insulin clearance is modulated by NEFA [38, 39] and liver
fat content [2, 40], and that most animal models of type 2
diabetes are obesity-induced. We here found that alloxan
induced type 2 diabetes by increasing insulin resistance and
loss of beta cell mass without alterations in the overall
insulin clearance by hepatocytes. However, CNTF reduced
insulin clearance by hepatocytes in both control and alloxan-
treated mice, in the 60 min acute phase (Fig. 6) and the 24 h
extended (ESM Fig. 3) experiments with HEPG2 cells, asso-
ciated with lower insulin resistance (Figs 2 and 3) and in-
creased beta cell mass (Fig. 5). In addition to the direct
protective effects of CNTF on pancreatic islets [13, 14] and
increased insulin sensitivity, reduced insulin clearance also
helps to overcome insulin resistance, which might attenuate
beta cell overload, ultimately increasing their survival. How-
ever, at present, we cannot determine exactly how CNTF
impairs pancreatic islet GSIS but promotes their survival. It
is possible that this apparent controversy is related to in-
creased BCL2 production, as this protein is associated with
increased survival as well as reduced insulin secretion in
pancreatic islets [14].

Intracellular insulin degradation occurs via the action of
IDE [28, 41], a 110 kDa zinc-dependent metalloproteinase
present in most insulin-responsive cells, mainly hepato-
cytes. Given the importance of insulin clearance to type 2
diabetes and the role of IDE in its control, it is not surprising
that alterations in IDE levels and activity are closely related
to type 2 diabetes onset and development [34, 41]. On the
basis of this, we evaluated how CNTF could control hepatic
degradation of insulin by measuring /de expression and
alternative splicing in mouse liver and hepatocyte HEPG2
cells. First, IDE production was not altered in control or
alloxan-treated mice, in accordance with the fact that allox-
an also had no effect on insulin clearance. Second, CNTF
reduced IDE production in the liver of control and alloxan-
treated mice and also in control and alloxan-treated HEPG2



Diabetologia (2012) 55:1495-1504

1503

hepatocytes. Furthermore, CNTF reduced, to a greater ex-
tent, the production of high-activity rather than low-activity
Ide mRNA, effectively displacing the balance of high/low
activity in favour of the low-activity IDE, both in liver and
hepatocytes, explaining the reduction in insulin clearance
caused by CNTF. As CNTF increases levels of the tissue
inhibitor of metalloproteinases-1 in hepatocytes [42], we
postulate that this is how CNTF reduces IDE production in
liver cells. In addition, CNTF protected mouse liver and
HEPG?2 cells against alloxan-induced apoptosis, as indicated
by lower cleaved caspase 3/pro-caspase 3 ratio, and this
effect probably occurs through STAT3 upregulation and
STAT1 downregulation (ESM Fig. 4), similarly to that ob-
served in neuronal cells [43, 44] and pancreatic islets [13].
The protective effects of CNTF on mouse liver could also
help to, at least in part, explain how CNTF is able to reduce
hepatic steatosis and inflammation, but this is a subject yet
to be explored.

It is also important to note that all changes promoted by
CNTF in insulin dynamics, sensitivity and clearance work in
synergy. CNTF reduces mouse insulin secretion and pro-
motes pancreatic islet survival while reducing insulin deg-
radation, which helps to maintain normoglycaemia without
overloading pancreatic beta cells and further contributing to
functional beta cell mass maintenance. Inhibition of IDE
production in hepatocytes increases IR phosphorylation
and insulin sensitivity [45]. Reduction of insulin clearance,
through downregulation of IDE in mouse hepatocytes, helps
to increase insulin sensitivity. Moreover, CNTF protects
against alloxan-induced type 2 diabetes without damaging
liver cells and without affecting weight loss (Table 1) or
weight gain during the whole experiment (ESM Fig. 5).

Last, a clinical trial revealed that daily administration of
axokine (a more potent CNTF analogue) for 12 weeks pro-
duced weight loss in about 25% of the participants, com-
pared with placebo, only in doses of at least 1 pg/kg.
However, generation of CNTF-specific antibodies occurred,
reducing the long-term benefits of the therapy [46]. Here we
show that CNTF protects non-obese mice against type 2
diabetes with marked differences in treatment: first, no
weight loss was observed; second, the mice received only
six doses, for 4 days, instead of dozens of doses over
12 weeks; and, third, the CNTF effects in our case remained
for at least 3 weeks after treatment. These findings provide
evidence for some other potential pharmacological uses of
CNTF: for example, pancreatic islets from a donor could be
treated with CNTF before transplantation, allowing a better
yield of highly viable pancreatic islets, probably prolonging
islet survival [47]; CNTF could inhibit or delay rejection of
the transplanted islets [48]; and CNTF administration to
insulin-resistant patients would maintain their beta cell mass
for longer and compensate for the increased insulin resistance,
retarding the onset of type 2 diabetes [49, 50].

In summary, our results indicate that CNTF directly
increases insulin sensitivity, independently of its anti-
obesity effects, and that the effects of CNTF go beyond
overcoming insulin resistance: it increases beta cell mass,
alters insulin dynamics and lowers insulin secretion coupled
to reduced insulin clearance, the latter effect occurring via
downregulation of hepatic IDE levels and activity.
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