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Key Messages

• Decreased insulin levels in Wfs1 deficiency are at least partially caused by problems in insulin secretion.
• Deficit in decreased insulin secretion in Wfs1 deficiency is improved by stimulation of muscarinic receptors.
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a b s t r a c t

Objectives: Similar to patients with Wolfram syndrome and to heterozygous Wolframin1 (Wfs1) muta-
tion carriers, Wfs1-deficient mice exhibit impaired glucose tolerance and lower plasma insulin levels. Mus-
carinic receptor 3 agonists have previously been shown to potentiate glucose-stimulated insulin secretion.
Therefore, the aim of this study was to investigate insulin-secretion dynamics in Wfs1-deficient mice and
evaluate carbachol, muscarinic agonist and the ability to ameliorate the insulin secretion deficits caused
by the Wfs1 mutation.
Methods: Wild-type Wfs1 heterozygous and Wfs1 mutant mice were used. Blood glucose was measured
after glucose and carbachol administration. Insulin secretion was measured from serum using ELISA.
Results: Glucose administration causes hyperglycemia in Wfs1-deficient mice due to decreased insulin
secretion. This deficit is abolished by administration of the muscarinic agonist carbachol.
Conclusions: Activation of the muscarinic pathway to potentiate insulin secretion may present a target
to manage diabetes resulting from Wfs1 deficiency.

© 2018 Canadian Diabetes Association.
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r é s u m é

Objectifs : Tout comme les patients atteints du syndrome de Wolfram et les porteurs hétérozygotes de la
mutation de la wolframine 1 (WFS1), les souris ayant une carence en WFS1 montrent une diminution
de la tolérance au glucose et des concentrations plasmatiques plus faibles d’insuline. Il a déjà été démontré
que les agonistes des récepteurs muscariniques de sous-type M3 (récepteurs M3) potentialisaient la sécrétion
d’insuline induite par le glucose. Par conséquent, l’objectif de la présente étude était d’examiner la dynamique
de la sécrétion d’insuline chez les souris ayant une carence en WFS1 (souris WFS1) et d’évaluer l’agoniste
des récepteurs muscariniques, le carbachol, et la capacité d’améliorer les déficits de la sécrétion d’insuline
dus à la mutation du gène WFS1.
Méthodes : Nous avons utilisé des souris hétérozygotes WFS1 de type sauvage et mutantes WFS1. Nous
avons mesuré la glycémie après l’administration de glucose et de carbachol. Nous avons quantifié la sécrétion
d’insuline dans le sérum au moyen de l’ELISA.
Résultats : L’administration de glucose provoque une hyperglycémie chez les souris WFS1 en raison de
la diminution de la sécrétion d’insuline. L’administration de l’agoniste des récepteurs muscariniques, le
carbachol, élimine cette carence.
Conclusions : L’activation des récepteurs muscariniques pour potentialiser la sécrétion d’insuline peut
représenter une cible en matière de prise en charge d’un diabète qui résulte de la carence en WFS1.
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Introduction

Mutations in the Wolframin1 (Wfs1) gene cause the autoso-
mal recessive disorder Wolfram syndrome (WS). WS is character-
ized by diabetes insipidus, optic nerve atrophy, deafness and diabetes
mellitus resulting from the progressive pancreatic beta-cell loss
caused by endoplasmatic reticulum (ER) stress (1,2). Approxi-
mately 1% of the general population in the United States are het-
erozygous Wfs1 gene mutation carriers, and genome-wide
association studies have established the increased risk for devel-
opment of type 2 diabetes caused by single-nucleotide polymor-
phisms in the Wfs1 gene (3–7). The WFS1 protein is located in the
membrane of the ER, where it is responsible for the regulation of
Ca2+ accumulation. It has been shown that the concentration of free
Ca2+ in the ER is reduced in Wfs1 knockdown cells and is increased
in Wfs1-overexpressing cells (8).

A Wfs1-deficient mouse line, generated at Tartu University
(Estonia), exhibits impaired glucose tolerance, increased urine
glucose concentration and growth retardation (9,10). In 6-month-
old male Wfs1-deficient mice, these traits are accompanied by sig-
nificantly reduced levels of insulin compared to wild-type (WT)
littermates (10).

Insulin secretion in response to glucose is divided into 2 phases.
In the transient first phase, high amounts of insulin are secreted
during a very short period; in the slowly developing, sustained
second phase, insulin is secreted more slowly during a longer period
(11). For glucose-stimulated insulin secretion, glucose enters beta
cells through GLUT2 transporters (12). Glucose is then metabo-
lized, increasing the adenosine triphosphate/adenosine diphos-
phate ratio. The increased adenosine triphosphate/adenosine
diphosphate ratio leads to closure of adenosine triphosphate-
sensitive K+ channels and membrane depolarization (13,14). Mem-
brane depolarization leads to the opening of voltage-operated Ca2+

channels, induces Ca2+ influx, increases the intracellular Ca2+ con-
centration and activates the exocytosis machinery. The exocytosis
process begins a few minutes after glucose enters the pancreatic
beta cells (15,16).

In addition to glucose concentration, insulin secretion from the
pancreatic beta cells is also influenced by various neurotransmit-
ters and hormones, which can amplify glucose-stimulated insulin
secretion. This amplification is impaired in patients suffering from
type 2 diabetes (17). Acetylcholine belongs to the neurotransmit-
ters affecting glucose-stimulated insulin secretion. Acetylcholine
interacts with 5 types of muscarinic receptors (M1 through M5),
of which M3 has a critical role in regulating insulin release (18,19).
Acetylcholine, released from the parasympathetic nerve endings or
pancreatic alpha cells, binds to the M3 muscarinic receptors and,
through a signaling cascade, leads to generation of inositol-1,4,5-
triphosphate (IP3) and diacylglycerol. IP3 binds to IP3 receptors on
the surface of the ER, mobilizing intracellular Ca2+ stores, which leads
to an increase in cytoplasmic Ca2+ levels, thus potentiating glucose-
stimulated insulin secretion (20–22). Previous reports have shown
that the muscarinic agonist carbachol can restore insulin secre-
tion in mice fed a high-fat diet (23) and in spontaneously diabetic
Goto-Kakizaki rats (24).

The aim of the present study was to investigate insulin-release
dynamics in Wfs1-deficient mice and to determine whether stimu-
lating muscarinic receptors diminishes deficiency in insulin secre-
tion caused by the Wfs1 defect.

Methods

Animals

The animal experiments described in this study were per-
formed according to permission from the Estonian National Board

of Animal Experiments (# 37, 14.08.2014 and #55, 14.05.2015) and
in accordance with the European Communities Directive of Sep-
tember 2010 (2010/63/EU). Generation of Wfs1 exon 8 knockout
mice has been described by Luuk et al (25). All studies were per-
formed in 2-month-old male F2 (129S6/SvEvTac×129S6/
SvEvTac)×(129S6/SvEvTac×129S6/SvEvTac) mice. The average weight
of animals was 22.9±0.3 g for WT mice, 23.2±0.3 g for heterozy-
gous (HET) mice and 19.2±0.3 g for homozygous (KO) Wfs1-
deficient mice. Altogether, 180 mice were used. Breeding and
genotyping were conducted in the Department of Biomedicine and
Translational Medicine, University of Tartu. Mice were housed in
groups of 7 to 8 at 20±2°C under a 12/12-h light/dark cycle (lights
on at 7:00 am) with free access to standard food pellets and water.
All animal experiments were performed between 10:00 am and
3:00 pm. Wfs1-deficient homozygous and HET mice were always
used in parallel with their WT littermates, and the animals were
randomly divided between the experimental groups.

Intraperitoneal glucose tolerance test

For the intraperitoneal glucose tolerance test, food was removed
90 min prior to the beginning of the experiment, and 90-min fasting
was used because it was sufficient to allow blood glucose levels to
equalize while having smaller effects on metabolic parameters, effects
that have been observed with longer fasting (26–28). Basal levels
of blood glucose were determined from the tail vein by needle punc-
ture using a commercial glucose meter (Accu-Chek Performa, Roche,
Basel, Switzerland). After that, mice were given intraperitoneal injec-
tions of: 1) 2 g/kg glucose; 2) 0.2 mg/kg carbachol (carbamoylcholine
chloride, muscarinic receptor agonist); or 3) 2 g/kg glucose +
0.2 mg/kg carbachol. Then, 5, 10 or 30 min later, animals were
euthanized, blood samples were collected for insulin measure-
ment and blood glucose levels were determined. Carbachol (Sigma-
Aldrich, St. Louis, Missouri, United States) and D-(+)-glucose
(Sigma-Aldrich) were dissolved in saline (0.9% NaCl; B. Braun,
Melsungen, Germany). A carbachol concentration of 0.2 mg/kg was
chosen because it corresponds to a 1 μmol/kg dose and approxi-
mately a 10 μM concentration in blood, showing strong effects in
previously reported experiments (29–31).

Blood insulin measurements

For baseline insulin measurements, blood was collected without
prior manipulations. The same baseline group was used as the
control group for study of the effects of glucose and carbachol. Blood
was allowed to clot at room temperature for 30 min, followed by
centrifugation for 10 min, 2000×g in at 2°C to 4°C. Serum was col-
lected and stored in −80°C until further analysis. An ELISA test was
performed on blood serum using the Ultra Sensitive Mouse Insulin
ELISA Kit (Crystal Chem, Elk Grove Village, Illinois, United States)
according to the manufacturer’s protocol.

Statistical analyses

Mean values and SEMs are presented in the figures. All data were
analyzed using Statistica for Windows v. 8.0 (StatSoft, Dell, Round
Rock, Texas, United States). The Shapiro-Wilks normality test was
used to verify normal distribution of data, followed by 1-way ANOVA
or factorial ANOVA and the Tukey HSD post hoc test for identifi-
cation of statistical significance. For area-under-the-curve calcu-
lations, results from the same group of animals at different time
points were combined.

Results

Wfs1 KO mice had impaired insulin secretion in response to
glucose administration.
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There were no differences between genotypes in the basal blood
glucose level (Figure 1A). A glucose injection increased the blood
glucose level 5 and 10 min after injection in all mice (F[3,59]=86.97;
p<0.001). Blood glucose levels in KO mice were significantly higher
than in WT mice and remained elevated for 30 min (p<0.001)
(F[2.59]=28.42; p<0.001 [genotype]; F[6.59]=7.90; p<0.001
[genotype×time]) (Figure 1A,B).

Insulin secretion (Figure 1C,D) significantly differed between
genotypes (F[2.58]=52.08; p<0.001). Blood insulin levels in WT mice
were slightly elevated after 10 min and returned to the baseline level
at 30 min. In HET mice, the elevation of insulin levels lasted longer
but was otherwise similar to that in WT mice. KO mice insulin levels
remained at the baseline level and were significantly lower com-
pared to WT mice throughout the experiment (F[3.58]=19.07;
p<0.001 [time]; F[6.58]=8.03; p<0.001 [genotype×time]).

Wfs1-deficient mice displayed defects in the first phase of insulin
secretion

The muscarinic agonist carbachol caused no significant decrease
in blood glucose levels in WT and HET animals and caused a minor
increase in KO animals at 10 min (Figure 2A,B), as also seen pre-
viously; they were caused by an increased stress response (32)
(F[2.60]=5.33; p<0.01 [genotype]; F[3.60]=4.52; p<0.01 [time];
F[6.60]=3.22; p<0.01 [genotype×time]).

Initiating only the first phase of insulin secretion with carba-
chol revealed the deficits in insulin secretion in both HET and KO
animals (F[2.60]=12.84; p<0.001). In WT animals, insulin levels were
significantly increased compared to baseline levels at both 5 and
10 min after carbachol injection (p<0.001), but there was only a
modest increase in HET mice and no statistical increase in KO animals
(Figure 2C,D); the early response (5 min after injection) of their blood
insulin was significantly lower than in WT animals (F[3.60]=33.99;
p<0.001 [time]; F[6.60]=4.34; p<0.01 [genotype×time]).

Carbachol and glucose coadministration releases insulin in Wfs1 KO
mice and diminishes hyperglycemia

Coadministration of carbachol and glucose increased blood
glucose levels (Figure 3A,B) in all genotypes. The glucose level in
KO mice was somewhat higher at 10 min compared to other geno-
types. However, hyperglycemia was absent in all genotypes at 30 min
after injection (F[2.61]=8.82; p<0.001 [genotype]; F[3.61]=77.38;
p<0.001 [time]; F[6.61]=5.63; p<0.001 [genotype×time]).

Insulin levels in WT and HET mice 5 and 10 min after injection
were 10 times higher than baseline levels (Figure 3C). KO mice dis-
played significantly lower insulin secretion than WT mice (Figure 3D)
(F[2.61]=142.82; p<0.001 [genotype]; F[3.61]=233.09; p<0.001 [time];
F[6.61]=53.36; p<0.001 [genotype×time]).

However, coinjected KO mice blood glucose levels were similar
to those of WT mice receiving glucose (Figure 4A) (F[1.41]=1.07;
p=0.31), and their insulin secretion was as strong as in glucose-
treated WT mice (Figure 4B) (F[1.40]=10.94; p<0.01 [genotype];
F[3.40]=18.53; p<0.001 [time]; [(3.40)=15.62; p<0.001
[genotype×time]).

Discussion

Our findings confirm the significant impairment in insulin secre-
tion in Wfs1-deficient mice. Glucose injection caused strong hyper-
glycemia in Wfs1 KO mice, which is consistent with previous reports
in mice, rats and humans (Figure 1) (1,2,10,33). Hyperglycemia was
explained by the lack of insulin secretion in response to glucose,
evident from blood serum insulin levels.

Carbachol and glucose coreceiving Wfs1 KO mice were able to
secrete insulin at levels similar to those of WT mice receiving only
glucose and, thus, preventing the long-term hyperglycemia that was
present in KO animals receiving only glucose (Figure 1, Figure 3,

Figure 1. Response to 2 g/kg glucose injection. Blood glucose (A,B) and insulin (C,D) levels 5, 10 or 30 min after administration and corresponding AUC. ***p<0.001 com-
pared to the baseline level of the same genotype. #p<0.05. ##p<0.01. ###p<0.001 compared to WT at the same time-point. AUC, area under the curve; HET, heterozygous
Wfs1 mutation carrier; KO, homozygous Wfs1 mutation carrier; WT, wild-type mice. n=5 to 7.
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Figure 2. Response to 0.02 mg/kg carbachol injection. Blood glucose (A,B) and insulin (C,D) levels 5, 10 or 30 min after administration and corresponding AUC. *p<0.05.
***p<0.001 compared to the baseline level of the same genotype. #p<0.05. ##p<0.01. ###p<0.001 compared to WT at the same timepoint. AUC, area under the curve; HET,
heterozygous Wfs1 mutation carrier; KO, homozygous Wfs1 mutation carrier; WT, wild-type mice. n=5 to 7.

Figure 3. Response to 0.02 mg/kg carbachol and 2 g/kg glucose coinjection. Blood glucose (A,B) and insulin (C,D) levels 5, 10 or 30 min after administration and corre-
sponding AUC. **p<0.001 compared to the baseline level of the same genotype. ### p<0.001 compared to WT at the same timepoint. AUC, area under the curve; HET, het-
erozygous Wfs1 mutation carrier; KO, homozygous Wfs1 mutation carrier; WT, wild-type mice. n=5 to 7.

M. Toots et al. / Can J Diabetes 43 (2019) 115–120118



Figure 4). Therefore, Wfs1 KO mice have deficits in insulin release
but not in insulin sensitivity, coinciding with a previous report dem-
onstrating no changes in insulin sensitivity in Wfs1 KO mice (10).

Muscarinic agonists such as carbachol have previously been
shown to initiate insulin secretion in models with diabetes, an effect
that is abolished by the muscarinic antagonist atropine (23,24). Also,
stimulation of downstream targets of carbachol was able to provide
similar effects in spontaneously diabetic Goto-Kakizaki rats (24). Car-
bachol was able to initiate insulin secretion in both heterozygous
and homozygous Wfs1-deficient mice, but this effect was much
weaker than in WT mice (Figure 2C,D). Even though heterozygous
Wfs1 mice did not display glucose intolerance, these changes indi-
cate alterations in beta cells; as in humans, defective Wfs1 gene car-
riers have higher risk for the development of type 2 diabetes (4–7).

Muscarinic receptors are widely expressed in various tissues, so
there is also the possibility of some indirect influence on insulin
secretion. Glucagon-like peptide-1 (GLP-1) has the ability to poten-
tiate insulin secretion from pancreatic beta cells. GLP-1 is secreted
in response to meal ingestion by ileal L cells, with a measurable
increase about 10 min after meal intake. These cells also respond
to muscarinic-receptor stimulation. However, for the secretion of
GLP-1 from L cells, nutrients must reach the intestine, making the
carbachol effect via the GLP-1 mechanism in fasted animals futile
(34,35).

Studies investigating acetylcholine effects on pancreatic beta cells
and insulin secretion have revealed the central role of the M3 mus-
carinic receptor; M3-deficient mice do not exhibit increased glucose-
stimulated insulin secretion after treatment with the muscarinic
agonist oxotremorine (18). However, it should be taken into account
that a small proportion of the activity of carbachol may be related
to other muscarinic receptor subtypes and even to nicotine recep-
tors, but the direct effect and even the expression of receptors other
than M3 is still debated (18,36).

Many psychiatric drugs inhibit the M3 receptor as a side effect
(e.g. amitriptyline, desipramine, imipramine, nortriptyline, doxepin,
dosulepin, maprotiline, paroxetine). These drugs increase distur-
bances of insulin secretion and are associated with the develop-
ment of type 2 diabetes (37). It has been shown that amitriptyline
and desipramine aggravate glucose-induced hyperglycemia in Wfs1
KO mice and induce stronger increases in blood glucose levels in
mice with the heterozygous Wfs1 mutation, compared to WT mice

(32). Both Wfs1 HET and KO mice present changes in insulin secre-
tion in response to carbachol (Figure 2C,D), so the use of drugs with
M3 antagonistic properties might be contraindicated in people with
mutations in the Wfs1 gene.

Muscarinic receptors are widely expressed in various tissues. At
this point, no drugs are able to activate the M3 receptor selec-
tively without activating other muscarinic receptors (M1 through
M5). Acetylcholine, released from the parasympathetic nerve endings
or pancreatic alpha cells, binds to M3 muscarinic receptors and,
through a signaling cascade, leads to the generation of IP3 and
diacylglycerol. IP3 binds to IP3 receptors on the surface of the ER,
mobilizing intracellular Ca2+ stores, which leads to an increase in
cytoplasmatic Ca2+ levels, thus potentiating glucose-stimulated
insulin secretion (20–22). However, the pathway by which carba-
chol exerts its effects is similar for many different G-protein-
coupled receptors (GPCRs). GPCRs have emerged as potential
therapeutic targets in type 2 diabetes, exhibiting glucose-dependent
potentiating effects on insulin secretion (38,39). Similar to the M3
receptor, GPR40 and GPR120 (free fatty acid receptors 1 and 4,
respectively) expressed in Langerhans islets are also coupled with
Gαq protein, and there are currently several ongoing clinical trials
promising medications with this novel mechanism of action (40).

Conclusions

Wfs1 deficiency causes glucose intolerance as a result of
decreased insulin secretion. Selective M3 agonists and, possibly, other
ligands able to activate G-protein-coupled receptors on beta cells
are a promising way to release insulin and reverse glucose intol-
erance resulting from Wfs1 deficiency.
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