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Myotonic dystrophy type 1 (DM1) is an autosomal dominant genetic disease

characterized by multi-system involvement. Affected organ system includes skeletal

muscle, heart, gastro-intestinal system and the brain. In this review, we evaluate the

evidence for alterations in insulin signaling and their relation to clinical DM1 features.

We start by summarizing the molecular pathophysiology of DM1. Next, an overview of

normal insulin signaling physiology is given, and evidence for alterations herein in DM1

is presented. Clinically, evidence for involvement of insulin signaling pathways in DM1

is based on the increased incidence of insulin resistance seen in clinical practice and

recent trial evidence of beneficial effects of metformin on muscle function. Indirectly,

further support may be derived from certain CNS derived symptoms characteristic of

DM1, such as obsessive-compulsive behavior features, for which links with altered insulin

signaling has been demonstrated in other diseases. At the basic scientific level, several

pathophysiological mechanisms that operate in DM1 may compromise normal insulin

signaling physiology. The evidence presented here reflects the importance of insulin

signaling in relation to clinical features of DM1 and justifies further basic scientific and

clinical, therapeutically oriented research.

Keywords: insulin, myotonic dystrophy (DM1), insulin-like growth factor 1 (IGF1), metformin, diabetes type 2,

insulin resistance, obsessive–compulsive disorder, behavioral flexibility

INTRODUCTION

Myotonic dystrophy type 1 (DM1) is an autosomal dominant disease caused by a trinucleotide (i.e.,
CTG) repeat expansion in the 3′ untranslated region of the dystrophia myotonica protein kinase
(i.e., DMPK) gene on chromosome 19q13.3. Clinically, DM1 is an extremely variable, multi-organ
disease. In the last decades, both clinical and scientific studies that will be reviewed here, have
hinted the presence of alterations in insulin and insulin-related signaling in DM1. These alterations
may provide an important pathophysiological link between the genetic defect in DM1 and some
of its pleiotropic downstream effects. Thus, the purpose of this review is to provide an overview
of evidence, obtained from basic and clinical studies, regarding alteration of insulin signaling in
DM1. We shortly recapitulate DM1 pathophysiology, after which an overview of insulin signaling
physiology is provided. We then present the clinical and molecular evidence for insulin signaling
involvement in DM1 and end with a summary and suggestions for future research.
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MOLECULAR PATHOPHYSIOLOGY OF
DM1

Themolecular cascades through which the expanded CTG repeat
sequence leads to clinical DM1 features is partially understood.
One key player is the Muscleblind-like 1 protein (MBNL1),
which in vivo studies demonstrate to be associated with muscle
impairments and cataracts. The leading idea is that DMPK CUG
expansion RNA, reaches such levels to sequester and compromise
MBNL1 cellular functions. This is caused by squelching or
trapping of the DMPK repeat resulting in the formation of
ribonuclear foci (1, 2) that sequester and disrupt activities of
RNA binding proteins from the MBNL and CUG-BP Elav-like
family (CELF) families. DM1 can be seen as an RNA-toxicity
disease, in which the nuclear accumulation of aberrant DMPK
mRNA transcripts harboring the CTG repeat expansion, lead to
a secondary spliceopathy. This results in abnormal processing of
many gene products (3). These pleiotropic downstream effects
may partially explain the clinical phenotypic variability that
is a hallmark of DM1. The RNA toxicity is the consequence
of microsatellite repeat expansions including RAN translation
and CELF1 up-regulation but these are in addition to the
primary mechanisms, such as MBNL loss of function and haplo-
insufficiency of the normal DMPK gene product (4–6). With
regards to the latter, the normal product of the DMPK gene
is a tail-anchored protein kinase which is present in cellular
membranes (7). The protein is expressed in skeletal, smooth and
heart muscle, as well as in central nervous system, but not in liver
or adipocytes (8, 9).

Although the relative contributions of different
pathophysiological cascades through which the CTG repeat
expansion leads to the clinical DM1 phenotypes remain
unknown, important clinical features are dependent on the
characteristics of the CTG repeat expansion (10, 11). A longer
CTG repeat expansion is associated with an earlier clinical age
of onset of disease, and with increased disease severity (12). The
increase in CTG repeat length from generation to generation as
a consequence of germline repeat instability explains the clinical
phenomenon of anticipation: more severe, earlier-onset disease
in subsequent generations (13). Finally, within an individual, the
increase in the length of the CTG repeat expansion during life
(i.e., somatic repeat instability) in tissues is dependent upon the
CTG repeat length at birth (14).

PHYSIOLOGY OF INSULIN SIGNALING

The beta cells in the pancreatic Islets of Langerhans release
insulin to maintain glucose homeostasis in response to elevated
blood glucose levels. Insulin, a metabolic hormone, regulates the
uptake of glucose into adipose tissue, muscle, liver, brain (15–
17), and vasculature (18) but also has key functions in lipid
metabolism and protein synthesis (19–21). Lipid metabolism is
a dynamic biological process, whereby insulin is involved in
the reduction of hepatic gluconeogenesis process by lipolysis
inhibition and hepatic acetyl-CoA (acetyl coenzyme A) (19).
Insulin is associated with the regulation of muscle protein

synthesis, whereby decreased insulin sensitivity results in reduced
muscle mass (20, 21). A key action of insulin is to act to regulate
glucose tone. Elevated glucose levels in the blood following food
intake, are detected by the beta cells in the pancreatic Islets of
Langerhans which stimulate insulin release.

Insulin is produced by the cleavage of proinsulin and exerts
its biological function through interaction with insulin binding
receptors. These include the insulin receptor (IR), and the insulin
growth factor 1 receptor (IGF1R) (22) (Figure 1). The IR belongs
to the superfamily of transmembrane receptor tyrosine kinases. It
is encoded by the insulin receptor (INSR) gene on chromosome
19p13.2. Alternative splicing of the INSR pre-mRNA leads to
formation of two IR isoforms: IR-A and IR-B. These isoforms
differ in that IR-A has a higher binding affinity for insulin,
faster internalization and recycling time compared to IR-B. In
contrast, IR-A has a lower signaling capacity and 2-fold lower
tyrosine kinase activity compared to IR-B (24). Besides insulin,
ligands structurally similar to insulin may also activate the
insulin receptor, such as insulin growth factors. Equally, insulin
may exert downstream effects through interaction with insulin
growth factor receptors (25, 26). Binding to the insulin IR-
A and IR-B receptors results in the activation of secondary
cascades which interact with the insulin response element 1
(IRS1). This can interact with the RAS/mitogen-activated protein
kinase (MAPK) cascade which regulates extracellular-signal-
regulated kinase signaling (ERKS) (IRS1, RAS, MAPK, and ERKS
are shown in Figure 1 circled in red). With consequent effects
on gene and protein proliferation, and protein translation. In
addition, IRS-1 can also regulate through phosphoinositide 3-
kinases (PI3K) and Protein kinase B (PKB), also known as AKT
(AKT)-related signaling which regulates protein production and
apoptosis via mitogen-activated protein kinase (mTOR) on one
side and glycogen synthesis via glycogen synthase kinase 3 beta
(GSK-3β) on the other side [PI3K, AKT, mTOR, and GSK3β
are illustrated in Figure 1 (blue circles)]. Activation of the IR
or hybrid IGF1/IR receptor via IRS1-PI3K signaling can also
regulate an additional mechanism, sterol regulatory element-
binding proteins (SREBP) which regulates lipid synthesis. The
major target tissues of insulin are liver, adipose tissue and skeletal
muscle, but IRs also are expressed in blood cells, fibroblasts, brain
and internal organs, such as lungs and kidneys (23).

Insulin growth factors (IGFs) are metabolic hormones that
are structural homologs of insulin, and share common signaling
pathways (25, 26). However, they also have key differences
in functionality to insulin in part due to different affinities
of insulin, IGF1 and IGF2 for the same targets. IGF1 and
IGF2 are predominantly produced in the liver, but also in
pancreas, intestine, kidney, brain, adipose tissue and muscle
(16, 18, 27). These hormones mostly act in an autocrine or
paracrine fashion and are produced locally (16, 27, 28). In
addition, circulating IGF1 can also induce systemic effects. IGF1
is involved in the regulation of cellular and tissue growth by
promoting anabolic action after birth throughout life. Several
studies have demonstrated IGF1 and its receptor IGF1R mRNA
synthesis in brain regions, such as olfactory bulb, cerebellum,
and hippocampus (24). IGF1 promotes neurogenesis and has
neuroprotective properties against cellular damage (29). IGF1
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FIGURE 1 | Schematic diagram of a cell with insulin/IGF signaling cascades depicted. Insulin may exert its effects through one of three transmembrane kinase

receptors: IR, IGF1R or the IGFR/IR hybrid receptor. The IGF2R/M6P receptor has an unknown signaling potential. IGF1 can act alone or complexed with IGFBP3 or

IGFBP5 and ALS and interacts with IGF1R and IR. IGF2 when bound to IGFBP2 or IGFBP6 interacts with the IGF2R (M6PR), IR or IGF1R. Insulin signaling is also

regulated by IGFBP7, which can bind both IGF1 and insulin and bind with their receptors. IGFBP7 can also bind to the IGF1R which leads to the blockade of the IRS1

intrinsic pathway. Following ligand-receptor interaction, signal transduction to the cytosol is via the kinase domains of the IR, IGF1/IR and IGF1R receptors. The main

targets for phosphorylation are the IRSs, which further transduce the signals through divergent messenger cascades, eventually leading to the various metabolic

effects of insulin and IGFs. These effects can be metabolic or mitogenic and include lipid synthesis via PI3K/SREBP pathway, glycogen synthesis and protein

synthesis and apoptosis regulation via the PI3K/AKT/GSK3/eIF2B pathway; and transcription and translation, cellular proliferation and synaptic plasticity via the

RAS/MAPK/ERKS/RSK/Elk1 pathway. For an excellent review and more detail, see (23). IGF2 binds to the IGF2R (also known as the M6P receptor) and lacks intrinsic

kinase activity but has been reported to regulate AKT activity. AKT acts to regulate multiple downstream targets including GSK3 and MTOR but is also involved in

glucose uptake and the expression of GLUT4 which is a key player in glucose uptake. ALS, acid-labile subunit glycoprotein; eIF2B, eukaryotic initiation factor 2B;

GSK3β, glycogen synthase kinase 3 beta; IGF1R, insulin growth factor receptor; IGFBP, insulin growth factor binding protein; IR, insulin receptor; IRS1, insulin

receptor substrate-1; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; RSK, ribosomal S6 kinase.

signaling plays a pivotal role in brain aging which is associated
with a lowering of serum IGF1 levels (30). IGF1 from the
circulation can cross the blood-brain barrier and potentially
protect against neuronal apoptosis (16, 29). The lowering of
serum IGF1 levels with age likely reduces the protective effects on
brain and leaves the brain more vulnerable to insults. In muscle,
IGF1 is associated with myoblast proliferation, myocyte synthesis
and muscle repair. IGF1 administration in high levels for a long
period results in muscle hypertrophy in mdx mice (31). IGFs
production is closely regulated by the pituitary-derived growth
hormone (GH) (30, 32). IGF2 has various known functions,

such as an important role in hematopoiesis, inflammation and
learning and memory (33–36).

The “natural” receptors for the IGFs through which IGF1 and
IGF2 exert their effects are the insulin growth factor receptors
(IGFRs): IGF1R and IGF2R. These receptors are located on
the cellular membranes, concurrently expressed in the same
tissues as IGF1 and IGF2, respectively. The targets of insulin
and IGFs are not mutually exclusive and the IGF1R and IR
may form a hybrid receptor complex that is responsive to both
insulin and IGF1 binding (see Figure 1) (37–39). For successful
interaction with their receptors, IGF1 and IGF2 require the
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presence of IGF binding proteins (IGFBP) and, in case of
IGF1, acid-labile subunit protein (ALS, see below) (16, 18, 28,
40–42). These hybrid receptors are expressed in the human
placenta and musculature (26, 43). IGF1 mainly exerts its
various effects in multiple different tissues through the IGF1
and IGF1/IR hybrid receptor (42). IGF2 acts via binding to the
IGF2 receptor which is also known as the mannose-6 phosphate
(M6P) receptor (24, 28). For the IGF1R, downstream signaling
mechanism have been elucidated and include activation of IRS1
and RAS signaling, comparable to IR activation. For IGF2R
downstream mechanisms connected to the IGF2/M6P receptor
remain unclear (44). Thus far, it has been established that this
is independent of a tyrosine kinase-dependent mechanism but
does involve ERK/GSK3β signaling. The IGF2/M6P receptor
also functionally acts to clear IGF2 from the circulation. This is
performed by transporting IGF2 ligands via the lysosomal system
for degradation. As such the IGF2/M6P receptor acts to control
the amount of circulating IGF2 available for interaction with
other receptor types, such as the IGF1/IR receptors (44).

Insulin growth factor binding proteins are a group of 7
proteins that bind with high affinity to IGF1, IGF2, and insulin
and modulate their coupling to the IGF and IR receptors (16, 18,
28). IGFBP1-6, are synthesized in brain and liver (24). These act
to regulate IGF transmission and also play roles in myelination,
synaptic plasticity and apoptosis in the brain (16, 29, 45–47).
More generally, IGFBPs 1–6 are involved in growth, metabolism,
cancer and immune regulation. In contrast to other IGFBPs,
IGFBP7 is predominantly expressed in the gastrointestinal tract,
lung, and prostate (48) but is also present in brain. It has a 500-
fold higher binding affinity for free serum insulin than IGF1 and
can therefore regulate insulin tone and action at its receptor (48,
49). The higher binding affinity of IGFBP7 to the IGF1 receptor
leads to the blockade of the IRS1 intrinsic pathway which impairs
activation of protein synthesis, cell proliferation and cell growth
survival and apoptosis (50). While insulin resistance is also
present in DM1 patients (51, 52), an upregulation of IGFBP7
remains to be observed. Besides the IGFBPs, IGF1 can also bind
to the ALS glycoprotein which is produced in the liver and
serum (41). The main function of ALS is to extend the half-
life of IGF-IGFBP complexes in the circulation to act on the
IGF1R and IR (41, 42). The ability of the IGFBPs 1–7 and ALS
to modulate IGF and insulin action may provide a route toward
the modulation of insulin and IGF signaling in DM1. It should be
stated however that this is one of many mechanisms available to
regulate IGF1/insulin action.

CLINICAL EVIDENCE OF INSULIN
SIGNALING INVOLVEMENT IN DM1

Insulin and Insulin Resistance in DM1
In DM1, alterations in insulin metabolism are well-recognized
features of the disease (53–55). DM1-related changes in insulin
signaling have been reported in ∼30 clinical studies over the last
six decades (summarized in Table 1). The majority of studies
found increased plasma insulin levels (i.e., hyperinsulinemia)
in the fasting state in DM1 patients, but the percentage of

DM1 patients reported to be affected by this was highly variable
(Table 1). Increased plasma insulin was not accompanied by
changes in the levels of fasting glucose. Hypoglycemia does not
seem to occur in DM1 patients despite high levels of insulin. In
response to glucose loading during glucose tolerance tests (GTT),
the number of patients with impaired glucose tolerance curves
was highly variable across studies. These differences cannot be
explained by differences in the amount of glucose given during
these tests. In patients, glucose loading was often accompanied
by an exaggerated insulin response in comparison to controls.
Although across studies, a significant number of patients had
some form of impaired glucose tolerance, only a small minority
of patients had GTT that met the criteria for diabetes mellitus.
Insulin resistance can be defined as the inability of a known
quantity of exogenous or endogenous insulin to increase glucose
uptake and utilization in an individual as much as it does in
a normal population (88). Perhaps the best-known example of
another disease in which insulin resistance acts as one of the
key initiating pathophysiological mechanisms, is type 2 diabetes
mellitus. In type 2 diabetes mellitus, insulin resistance leads to
disturbed glucose homeostasis, as reflected by the diagnostic
criteria (89). The literature on insulin resistance in DM1 is
contradictory. Evaluation was performed in many studies, using
techniques like calculation of the homeostatic model assessment
for insulin resistance (i.e., HOMA-IR), insulin tolerance testing
and euglycemic insulin (i.e., glucose clamp) infusion (Table 1).
Results varied from strong evidence for insulin resistance
in a majority of patients to results comparable to controls.
Seemingly discrepant results across studies could relate to specific
patient populations and underpowered sample sizes, selection
of controls, frequency of sampling during tolerance tests, and
controlling for confounders, such as lean body mass. Also, the
use of a double antibody radioimmunoassay in many of the older
studies, may have overestimated insulin levels as a result of cross-
reactivity with proinsulin, levels of which have been established to
be elevated in DM1 (80, 84). In summary, a subset of (but not all)
patients with DM1 present with hyperinsulinemia, which occurs
during fasting, but also as an exaggerated (pro-)insulin response
to carbohydrate intake. Possibly, the hyper(pro-)insulinemia in
DM1 reflects an appropriate and partly successful compensatory
change in response to insulin resistance that may occur in DM1.
This is reflected by impaired glucose tolerance and/or abnormal
glucose tolerance curves and increased levels of HbA1c, but a
relatively infrequent occurrence of type 2 diabetes.

Relevance of Insulin Resistance
The presence of insulin resistance in DM1 is of interest for
several reasons. First, insulin resistance is one of the most
important features of metabolic syndrome (90). The prevalence
of metabolic syndrome in DM1 has been estimated at 17%
(87, 91). Several of its features, such as hypertriglyceridemia
(67%) and low HDL cholesterol (35%) occur with high frequency
in DM1, whereas other features, such as hypertension, are
relatively infrequent in DM1 (91). Secondly, besides type 2
diabetes mellitus and myotonic dystrophy, insulin resistance
is a feature of several rare genetic diseases: Alström, Werner,
Cockayne, Romano-Ward syndromes, and ataxia telangiectasia.
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TABLE 1 | Clinical insulin studies in myotonic dystrophy type 1.

References No. P No. HC No. DC Insulin

assay

Fast.

insulin

Fast.

glucose

Glucose

tolerance

test (GTT)

[Insulin]

during

GTT

No. (%)

impaired

GTT

No. DM Glucose

disposal

during EII

Comments/Results

Marshall et al.

(56)

11 0 0 2 (18%) 0 ITT demonstrates mild

insulin insensitivity in 1

patient

Huff et al. (57) 6 14 6 Double

antibody RIA

↑ N 100g ↑ 5 (83%) ITT demonstrates normal

response in 4/6 patients.

Normal insulin clearance

Huff and

Lebovitz (58)

8 0 6 ↑ N

Bundey (59) 11 3 Double

antibody RIA

N 0

Goden et al. (60) 12 6 0 ↑ N 100g ↑ 0 (0%) 0 Normal glucose tolerance

curve. ITT apparently normal

Jackson et al.

(61)

3 0 0 Double

antibody RIA

↑ N 50g N to ↑ 0 (0%) 0

Mendelsohn

et al. (62)

11 45 0 N to ↑ N 1.75 g/kg N to ↑ [1] 3 (27%) 0

Walsh et al. (63) 20 2 double

antibody RIA

↑ N 100g ↑ 2 (10%) 1 Excessive plasma insulin

response

Bird and

Tzagournis (64)

10 233 165 N N to ↑ 4 (40%) 0 Normal response to

exogenous insulin

Bjorntorp et al.

(65)

17 35 0 N to ↑ N 100g N 0

Barbosa et al.

(66)

29 30 0 Immuno-

assay

↑ 100g ↑ 13 (38%) 2 Abnormal glucose tolerance

curve. ITT shows decreased

insulin sensitivity in DM1

patients

Nuttall et al. (67) 12 18 0 ↑ N 100g ↑ 0 ITT demonstrates no

differences in patients vs.

controls

Poffenbarger

et al. (68)

8 8 0 N ↑ 100g ↑ 0 Increased proinsulin

secretion in parallel with

insulin hypersecretion

Kobayashi et al.

(69)

7 7 0 N N 1.75 g/kg ↑ 0 Abnormal glucose tolerance

curve

Tevaarwerk and

Hudson (70)

14 25 5 Radioligand

method

↑ 50g ↑ 12 (86%) Abnormal glucose tolerance

curve. ITT demonstrates

insulin insensitivity in 14/14

patients

Moxley et al. (71) 6 7 6 Double

antibody

technique

N N 1.5 g/kg ↑ 0 (0%) 0 Decreased forearm muscle

sensitivity to exogenous

insulin in patients vs. healthy

and neuromuscular disease

controls

Festoff and

Moore (72)

6 15 0 N N 1.75 g/kg N to ↑ 2 (33%) 0

Stuart et al. (73) 12 N to ↑ [3] ↑ [8] 0 ITT demonstrates insulin

insensitivity in 9/12

Moxley et al. (74) 6 13 0 N N ↑ 0 (0%) 0 ↓ Decreased glucose

disposal, even when

controlled for 24 h-creatinin

clearance. Euglemic insulin

infusions demonstrate

normal insulin clearance

Corbett et al.

(75)

3 4 3 Double

antibody RIA

N N 0 ↓ Normal insulin clearance

(Continued)
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TABLE 1 | Continued

References No. P No. HC No. DC Insulin

assay

Fast.

insulin

Fast.

glucose

Glucose

tolerance

test (GTT)

[Insulin]

during

GTT

No. (%)

impaired

GTT

No. DM Glucose

disposal

during EII

Comments/Results

Hudson et al.

(76)

10 17 22 Double

antibody RIA

↑ N

Moxley et al. (77) 9 29 0 Double

antibody

technique

↑ 15–25g ↑ 0 (0%) 0 ↓ Normal glucose tolerance

curves. No increase in

insulin sensitivity after

glucose loading in DM1

patients vs. controls, even

after correction for

differences in muscle mass

Krentz et al. (78) 10 10 0 Double

antibody RIA

↑ N 75g ↑ 0 0 Abnormal glucose tolerance

curves in DM1 compared to

controls, but no patient met

criterium for impaired

glucose intolerance

Piccardo et al.

(79)

↑ 0 0 Normal glucose tolerance.

ITT: decreased insulin

sensitivity in patients vs.

controls

Krentz et al. (80) 10 10 0 Double

antibody RIA;

immunoradio-

metric

N to ↑ N 75g 0 (0%) 0 Fasting insulin results

depending on assay used.

Increased fasting

prosinsulin. Normal fasting

C-peptide

Gomez Saez

et al. (81)

12 14 0 RIA N to ↑ [3] 75 g ↑ 2 (17%) 1 (8%) C-peptide normal during

fasting; increased in patients

vs. controls during GTT

Annane et al.

(82)

11 11 0 N 50g ↑ N 0

Johansson et al.

(83)

18 18 0 Double

antibody RIA

↑ N 75g ↑ 3 (17%) Excl. HOMA-IR 2.3 in patients vs.

1.4 in controls

Perseghin et al.

(84)

10 10 8 Microparticle

enzyme

immunoassay

N N 75g N Excl. N Mildly abnormal glucose

tolerance curve. Increased

proinsulin in fasting state

and during EIC testing.

Normal fasting C-peptide.

Decreased lean body mass

in DM1

Perseghin et al.

(85)

10 10 0 Microparticle

enzyme

immunoassay

N Excl. N No alterations in

carbohydrate or lipid

metabolism in patients vs.

controls when controlled for

lean body mass; abnormal

regulation of protein

breakdown in DM1. Lower

IGF-1 levels in DM1

Matsumura et al.

(86)

95 734 0 ↑ N 75g ↑ 14 (15%) 9 HOMA-IR 1.96 in patients

vs. 1.36 in controls; positive

correlation between

insulinogenic index and

insulin resistance. ITT

demonstrates impaired

whole body glucose

tolerance

Rakocevic

Stojanovic et al.

(87)

34 34 0 RIA ↑ N 75g 0 0 HOMA-IR 4.2 in patients

Empty cells denote information not present in the study or not available to us; N, normal or not significantly different from controls; ↓↑ denote decreased or increased values in comparison

with controls, respectively. DM, diabetes mellitus; EII, euglycemic insulin infusion; Fast., fasting; GTT, oral glucose tolerance test; HOMA-IR index, homeostasis model assessment-insulin

resistance index; ITT, insulin tolerance test; No., number; RIA, radioimmunoassay; No., number of patients [P], healthy controls [HC], or disease controls [DC].
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Interestingly, many clinical characteristics of these diseases
overlap with those of DM1: notably cataracts, early graying
and loss of hair, impaired muscular development or wasting,
skull hyperostosis, hypogonadism and testicular atrophy, and
dyslipidemia (76). While these rare diseases have distinct
pathologies and mechanisms from DM1, they also share
a number of symptoms and insulin resistance with DM1.
These are highlighted in Figure 2. Alström syndrome is a rare
autosomal recessive genetic disorder characterized by truncal
obesity in juveniles, insulin resistance and hyperinsulinemia,
type 2 diabetes, hypertriglyceridemia, decreased stature in
adulthood, cone-rod dystrophy, deafness, cardiomyopathy, and
progressive pulmonary, hepatic, and renal dysfunction (92).
Werner-syndrome (WS) is a prototypical segmental progeroid
syndrome characterized by multiple features consistent with
accelerated aging. Early stage WS is associated with skin atrophy,
loss of subcutaneous fat and hair thinning/loss. Bilateral cataracts
appear during middle age in association with type 2 diabetes,
hypogonadism, osteoporosis, atherosclerosis and malignancies,
and gonadal atrophy (93). Romano-Ward syndrome is
an autosomal dominant genetic condition associated with
mutations in the KCNQ1, KCNH2, and SCN5A genes. Clinically,
a prolonged cardiac ECG QT interval, insulin resistance
and deafness are observed in addition to cardiac arrhythmia
which can lead to heart failure (94). Cockayne syndrome
is a rare and fatal autosomal recessive neurodegenerative
disorder characterized by growth failure, severe neurological
manifestations including sensorineural deafness, cognitive
deficits, pigmentary retinopathy, cataracts, and ambulatory
and feeding difficulties (95). Ataxia telangiectasia is a rare,
neurodegenerative, autosomal recessive disease causing severe
disability with a broad spectrum of clinical features, including
progressive cerebellar ataxia, oculocutaneous telangiectasia,
variable immunodeficiency, susceptibility to malignancies,
and increased metabolic diseases. Mutations in the ATM
ataxia-telangiectasia gene are responsible for the functional
impairments in angiogenesis regulation and glucose metabolism
(96). Whether insulin resistance contributes to the commonality
in symptoms of these rare diseases, metabolic syndrome and
progreria with DM1 is unestablished. In the case of DM2, insulin
resistance prevalence in DM2 is far less compared to in DM1
(12) suggesting that mechanisms including insulin resistance
may differentiate between DM1 and DM2 phenotypes.

These effects of insulin in the context of DM1 are summarized
in Figure 2 with putative mechanisms interacting with insulin
resistance relevant to DM1 summarized in Figure 3. Moreover,
these clinical observations raise the question what role insulin
resistance plays in the development of certain phenotypes
common to these diseases. A common denominator to some
of these diseases may be an accelerated aging process/progeria.
Indeed, DM1 has been suggested to be a progeroid disease
(97–99). Furthermore, increasing insulin resistance with age
is noted in the general population (100). Part of the clinical
spectrum of progeroid diseases is an increased risk ofmalignancy.
DM1 is associated with an increased risk of certain cancers, for
example, thyroid cancer (101, 102). Of note, hyperinsulinemia
is also associated with an increased risk of thyroid cancer

FIGURE 2 | Schematic illustration of the link between altered insulin

resistance/signaling and common symptoms across disorders (including

DM1). The message is that some DM1 related symptoms are found in

Metabolic syndrome, progeria and the rare genetic disease, while insulin

resistance is an overlapping symptom seen all diseases. The common

symptoms include but are not necessarily present in all overlapping disorders:

cataracts, skull hyperostosis, early hair graying/loss, impaired muscular

development or wasting, cardiac arrhythmia, hypogonadism, testicular atrophy

and dyslipidemia. Insulin resistance is a key feature in some but not all DM1

cases and is present in 5–17% of DM1 cases. DM1 has symptomatic (and

insulin resistance) overlap with certain rare diseases, including Alström-,

Werner-, Romano-Ward, Cockayne syndromes, and ataxia telangiectasia.

Both normal aging and DM1 are associated with increased insulin resistance.

Moreover, DM1 is conceptualized as a disease with early-onset aging.

Metabolic syndrome is also linked to insulin resistance (90), and is present in

DM1 (87, 91).

[reviewed in (23)]. Given the diversity of somatic symptoms in
DM1, the impact of insulin resistance affects a range of tissues
including skeletal muscle, cardiovascular and adipose tissues. For
instance, skeletal muscle is highly dependent on glucose transport
with ∼75% of all plasma glucose estimated to be transferred
into skeletal muscle to initiate and maintain movement. Since
increased insulin resistance results in impairment to glucose
transport, notably via the GLUT4 transporter, this has a profound
impact on muscle function and is associated with dysregulated
mitochondrial function. Of note, skeletal muscles from type
2 diabetes and obesity patients have smaller mitochondria
and impaired electron transport compared to healthy age-
matched controls. Impaired mitochondria functionality through
decreased functionality of oxidative enzymes have been shown
to result in fatty acid accumulation in muscle, insulin resistance,
type 2 diabetes and obesity (103). Changes in lifestyle and diet
could lead to differences in mitochondrial morphology with
impairment or loss of mitochondrial function (104). In DM1,
irregular cristae in themitochondria of redmuscle fibers, i.e., type
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FIGURE 3 | Schematic diagram of the mechanisms associated with insulin resistance. The directionality of the arrow indicates if it is a cause or consequence of

insulin resistance. This includes splice variation of IR/IGF1 receptor expression (e.g., IR-A isoform increase vs. IR-B), leading to insulin resistance. Diminished cell

membrane IGFR and IR expression could result from the DMPK repeat length expansions blocking the nuclear pores, and also result in insulin resistance. Alterations

in lipid metabolism as a consequence of insulin resistance may also lead to altered lipid/skeletal muscle ratios, as is seen in DM1. Reduced insulin sensitivity is also

associated with diminished muscle protein synthesis, resulting in decreased muscle mass. Inflammation has a bidirectional relationship with insulin resistance and may

in part underlie atherosclerosis in DM1. Mechanistically, inflammation increases mitochondrial oxidative stress and stress at the level of the pancreatic beta islet cells

which also increases insulin resistance. Decreased IGFBP expression also reduces insulin sensitivity by reducing the half-life of any insulin-IGFBP complex to bind to

the IR/IGF receptors. Insulin resistance also acts to alter leptin signaling which amongst others can regulate testosterone tone. Insulin resistance can also act at the

level of (1) PPARγ/AMPK signaling and (2) AKT1/GSK3β signaling thereby regulating glucose turnover which may be linked to fatigue in DM1.

I muscle fibers, has been reported (105), which was associated
with fatigue. Although interpretation of this research is difficult,
it is not known if this was also associated with increased insulin
resistance (which has been independently liked to aberrant
cristae morphology).

Insulin resistance also has consequences for cardiovascular
symptoms notably cardiac failure in DM1. Left ventricular
hypertrophy is amongst others caused by insulin resistance.
Arterial stiffness, results from insulin resistance induced lipid
metabolism alterations. This results in a loss of arterial elasticity,
with a difference in blood pressure and higher pulse-wave
velocity and augmentation (106). Untreated arterial stiffness
can result in carotid intima-media thickness leading to carotid
atherosclerosis, with higher risk for cardiovascular diseases (106).

It is well-established that those with insulin resistance
have an increased prevalence of type 2 diabetes, and a 2–3
times higher risk for cardiovascular disease (107–110). Heart
failure associated with type 2 diabetes results from impaired
microvascular functioning andmyocardial perfusion dysfunction
(108). The subsequent cardiac hypertrophy leads to chronic
cardiac stress and finally to heart failure (111). Insulin resistance
can also alter systemic lipid metabolism which then leads to
the development of dyslipidemia and the well-known lipid triad:

(1) high levels of plasma triglycerides, (2) low levels of high-
density lipoprotein, and (3) the appearance of small dense low-
density lipoproteins which impact on cardiovascular function.
This triad, along with endothelial dysfunction, which result from
aberrant insulin signaling, contribute to atherosclerotic plaque
formation. Regarding the systemic consequences associated
with insulin resistance and the metabolic cardiac alterations,
it can be concluded that insulin resistance in the myocardium
generates damage by at least three different mechanisms:
(1) signal transduction alteration, (2) impaired regulation of
substrate metabolism, and (3) altered delivery of substrates to
the myocardium. In DM1 there is a concurrent high level of
plasma triglycerides, increased body fat mass and increased
insulin resistance. However, type 2 diabetes is unusual, and
blood pressure is not elevated in DM1 patients (112), but
atherosclerosis and heart rhythm disturbance can be present in
DM1 (113).

Insulin resistance is associated with dyslipidemia both in
terms of lipogenesis and lipolysis. The anti-lipolytic effect
of insulin requires lower insulin concentrations than that
required for the activation of glucose transport processes.
As a consequence, impairment of glucose transport resulting
from insulin resistance does not necessarily result in parallel
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dysregulation to insulin’s anti-lipolytic effect. As a result adipose
stores may remain unaffected or even increase in the face
of increased insulin resistance. In DM1, lipid metabolism is
dysregulated, particularly in skeletal tissues (114). Adipose tissue
acts as an energy depot for skeletal muscles. The secretion of
adipokines by adipocytes includes the regulation of mitochondria
present in adipose tissues and plays a role in regulating the
lipid metabolism and glucose metabolism in the brain and
peripheral organs (115). Similar to adipokine secretion by
adipose tissues, muscles secrete myokines which control muscle
to fat ratio. This proportion of muscle to fat influences body
composition, shape and metabolic homeostasis (116). In DM1,
the fat mass index (FMI) is lower compared to healthy controls.
As FMI increases, this is associated with hypertriglyceridemia.
Furthermore, total FMI increases are reported to significantly
correlate with increased muscular disability rating and decreased
motor and lung functionality (117). Taken together this may
suggest that insulin resistance could play a role in fat regulation
which impacts on DM1 symptoms.

Brain Insulin Signaling: Relevant in DM1?
In addition to the alterations in insulin signaling and glucose
homeostasis in peripheral tissues, brain glucose uptake has
been shown to be decreased in DM1 (82, 118). It is currently
unknown whether altered insulin signaling is involved, as
cerebral glucose uptake is thought to be independent of insulin
(17). Irrespective of its role in cerebral glucose uptake, insulin
has various important functions in the brain, such as regulating
synaptic plasticity [reviewed in (17, 47, 119)]. These actions may
be summarized as those influencing food intake/goal-directed
behavior, peripheral metabolism and cognition. As in peripheral
tissues, insulin resistance, the reduced ability of insulin to exert
its actions on target tissues, may develop in the brain. Brain
insulin resistance in DM1 is currently an unexplored field, and
direct evidence for altered brain insulin signaling in DM1 is
lacking. However, we think its presence is not unlikely. It may
result from pathophysiological mechanisms directly related to
the CTG repeat expansion, but it could also be secondary to
being overweight, which occurs in ∼50% of patients (120).
Insulin resistance in the brain may also alter the peripheral
effects brain insulin has on metabolism (119). It could lead
to increased peripheral insulin resistance, increased lipolysis
exacerbating dyslipidaemia and increased body weight, all of
which are common in DM1.

As brain phenotypes in DM1 are heterogeneous and many
clinical features are part of the spectrum, some of them could be
related to altered brain insulin signaling in DM1. For example,
apathy is considered a hallmark symptom of DM1 (121). In
an animal model, induced loss of function of insulin receptor
signaling leads to a state of reduced motivation, thought to
be translatable to a condition of apathy in humans (122). In
addition, brain insulin resistance may lead to cognitive deficits,
especially visuospatial and verbal memory deficits (119). These
cognitive deficits are also observed in DM1 (123). Brain insulin
signaling is also linked to affective state, disturbances of which
may be involved in depressive symptoms observed in DM1
(124, 125). Obsessive-compulsive disorder (OCD) personality

traits are also a feature of DM1 (125). We have established that
in OCD cohorts, alterations in insulin signaling occur (126),
and that increased insulin resistance is associated with decreased
behavioral flexibility (127). Underlying potential relations with
clinical CNS features of DM1, insulin signaling could also play
a role in the development of brain imaging alterations that
have been reported in DM1. White matter hyperintensities
(WMH) in periventricular and subcortical white matter in
excess of those in matched controls, as well as microstructural
alterations in all major projection, commissural and association
fibers have been observed in DM1 (128, 129). In a recent
study in cognitively normal middle-aged healthy individuals,
hyperinsulinaemia was identified as an independent predictor
of WMH (130). Insulin signaling may be involved in axonal
guidance during development but also plays a key role in lipid
metabolism, including that influencing myelination. Structural
white matter networks in DM1 are different from controls, and
this could represent a developmental or degenerative process, or
both (131, 132). The role of insulin in synaptic homeostasis also
raises the questions whether gray matter volume reductions in
DM1, as observed inmorphometry studies, are related to changes
in insulin signaling.

IGFs in DM1
In contrast to the many studies dedicated to the role of insulin
and insulin resistance in DM1, the study of insulin-like growth
factors and their signaling pathways has received less attention
in DM1. Circulating IGF1 levels in DM1 patients are low in
comparison with controls, which apply also for the vitamin D
levels in these patients (85, 133). In view of DM1 as a progeria
disease, it is of interest that the growth hormone/IGF1 system in
combination with available serum vitamin D levels is implicated
in the regulation of lifespan (99, 134, 135).

Evidence From Clinical Trials
Besides cross-sectional clinical evidence for the involvement
of insulin signaling in the development of DM1 phenotypes,
the results of several therapeutic trials support its involvement.
A recent trial of the anti-diabetic drug metformin in 40
adult DM1 patients showed promising effects on exercise
capacity and mobility that warrant replication (136). Although
the relative contribution of various working mechanisms of
metformin to these effects remain speculative at this time,
it is tentative to assume interference with insulin signaling
in muscle cells, such as modulation of AMPK and PPARγ

signaling as well as alteration in IGF1R splice variant expression
may be involved (137). The utility of metformin for the
management of hyperglycaemia in DM1 has already been
reported (138). In another randomized double-blind study of
long-term recombinant IGF1 administration in DM1 patients,
beneficial effects on insulin sensitivity, glucose utilization, body
composition andmuscle function were observed (139). However,
although similar beneficial effects on metabolic variables were
observed, beneficial effect on muscle strength and function were
not confirmed in a more recent, larger open-label clinical trial
(25). The latter study evaluated recombinant IGF1 complexed
with recombinant IGFBP-3. The authors concluded that longer,
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parallel group trials are indicated to further clarify the safety
and efficacy of this therapy (25). Possibly, the addition of ALS
glycoprotein (see above) to IGF1-IGFBP-3 could further improve
the action of IGF1 in a future trial.

In summary, there is clinical evidence of alterations in
insulin signaling in DM1, mainly based on studies focusing
on carbohydrate metabolism. Alterations in lipid and protein
metabolism in DM1 may also relate to alterations in insulin
signaling but this has not been evaluated fully. For muscle
phenotypes, clinical studies have hinted at the involvement of
insulin signaling in muscle wasting by demonstrating favorable
yet preliminary effects on muscle with recombinant IGF1 or
metformin in DM1 patients. A role for insulin signaling in
CNS involvement is plausible but currently remains unproven.
Likewise, most relationships between alterations in insulin
signaling and DM1 clinical features remain to be investigated.
Clearly, further exploration of insulin-related signaling in
relations to muscle and brain involvement in DM1may represent
a useful strategy in terms of disease-insight and therapeutic
utility. In particular, studies have evaluated and demonstrated the
feasibility, safety and efficacy of training/exercise in DM1 (140–
142). The mechanisms through which exercise exerts its positive
effects are unknown, but changes in insulin resistance could be a
potential mechanism worth exploring in future studies.

MOLECULAR EVIDENCE OF INSULIN
SIGNALING INVOLVEMENT IN DM1

Decades after clinical alterations in insulin signaling had been
observed, advances in pathophysiological insights have begun to
shed light on the molecular correlates of these changes (summary
of several representative studies shown in Table 2). In 2001,
Savkur et al. demonstrated a relative increase in IR-A compared
to IR-B isoform expression (see above) in muscle cells biopsied
from patients with adult-onset DM1 (52). Experiments ruled out
muscle cell regeneration or degeneration as an explanation, and
indicated abnormal splicing regulation resulting from increased
expression of the splicing regulator CUG-BP as a plausible
explanation for a switch toward expression of the IR-A isoform.
This switch toward IR-A was recaptured in muscle cultures from
fibroblasts, which also demonstrated decreased insulin mediated
glucose uptake (52). Dysregulated splicing of the INSR pre-
mRNA toward the embyronal IR-A isoform in muscle cells
was confirmed in subsequent studies (150, 152, 153). Splicing
dysregulation of IR pre-mRNA was independent of fiber type
(i.e., type 1 or type 2 muscle fibers), and of muscle location
(i.e., proximal vs. distal) (150, 152). Moreover, IR expression at
the protein level occurs only in type 1 muscle cells (153). This
recent study by Renna et al. also demonstrated that in DM1
muscle cells, insulin-dependent activation of signaling pathways
IRS1-AKT/PKB and Ras-ERK was decreased in comparison
to controls (153). The results of this study suggest a link
between dysregulated IR splicing and previous findings of
decreased insulin mediated glucose uptake and protein synthesis
in myotubes differentiated from fetal DM1 muscle myoblasts
in comparison to healthy control myoblasts (148). However,

the same group previously demonstrated defective post-receptor
insulin signaling in human DM1 myotubes, despite similar IR-
A:IR-B expression in comparison to control myotubes (152).
Therefore, a post-receptor defect could contribute to insulin
resistance in DM1, regardless of dysregulated IR splicing
(152). Of note, treatment of differentiated DM1 myotubes with
recombinant human IGF1 (rhIGF-1) led to partial recovery of
glucose uptake and protein synthesis, providing a rationale for
the clinical trials using rhIGF-1 (see above) (148).

Besides dysregulated splicing toward embryonal isoforms
of IR-A, studies evaluated, ex vivo, the expression of the IR
in human DM1 muscle cells in comparison with healthy or
neuromuscular disease controls. In human DM1 muscle cells
derived from muscle biopsies from adult-onset DM1 patients,
Morrone et al. showed decreased IR mRNA and protein in a
well-controlled study (147). In line with this study, Furling et al.
demonstrated decreased IR mRNA in myotubes derived from
fetal DM1 myoblasts in comparison with “normal” myotubes. At
the protein level, normal and diminished IR expression have been
reported, with differences possibly related to whether analyses
were corrected for fiber type distribution (52, 153). Previously,
some, but not all, insulin binding studies in blood cells had
demonstrated decreased insulin binding in DM1 cells compared
to control cells, and authors have suggested decreased receptor
numbers (72, 76) and/or decreased receptor affinity (143, 146)
as potential explanations (Table 2). While decreased IR numbers
are compatible with IR mRNA and protein expression level
studies, decreased affinity would not, as the affinity of IR-A is
in fact higher than that of IR-B (23). Furthermore, DM1-related
changes in insulin signaling may be tissue specific.

In addition to the spliceopathy related alterations in the
insulin receptor isoforms, haploinsufficiency of the normal
DMPK gene product may lead to deficits in insulin signaling. It
was demonstrated that DMPK knockout mice show impaired
insulin signaling in tissue that normally express the DMPK
protein (51). Clinically, these mice displayed metabolic
derangements, such as abnormal glucose tolerance and reduced
glucose uptake, possibly resulting from defective intracellular
trafficking of insulin and IGF1 receptors (51). On the other hand,
DMPK repeat expansion also influence insulin signaling in DM1.
The expression of the homeobox gene Six5 is suppressed in DM1
(see section on DM1 pathophysiology, and Figure 3 above) (4).
The level of expression of the IGF binding protein IGFBP5, is
related to the degree of Six5 gene expression mouse models, thus
providing another link between upstream pathophysiological
processes and insulin signaling alterations in DM1 (4).

In summary, potential molecular mechanism that may help
understand insulin resistance include dysregulated splicing
toward an embryonal isoform of the IR (i.e., IR-A) and
decreased expression of IR in muscle cells. However, deficits
in insulin signaling beyond the IR could contribute to insulin
resistance. One possibility is that DMPK over-expression results
in inhibition of IR/IGF1R expression. As discussed earlier, DMPK
is a member of the Rho-family of kinases which are associated
with the intracellular trafficking of proteins including amongst
others the insulin- and IGF1 receptors (51). Decreased insulin
and IGF1 receptor expression may be related to the extent
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TABLE 2 | Molecular insulin studies in myotonic dystrophy type 1.

References No. P No. HC No. DC Cell/tissue type Glucose

transport/

oxidation

Insulin

binding

study

IR

splicing

analysis

Comments/Results

Kobayashi et al.

(69)

7 7 Monocytes 0 1 0 Similar insulin binding of monocytes in DM1 patients

vs. controls

Tevaarwerk et al.

(143)

12 12 Monocytes 0 1 0 Decreased insulin binding of DM1 monocytes

compared to control monocytes

Festoff et al. (72) 6 15 0 Monocytes 0 1 0 Decreased insulin binding of monocytes in DM1

patients vs. controls

Moxley et al. (144) 9 10 2 Monocytes 0 1 0 Absence of post-prandial increase in monocyte

insulin binding affinity in DM1 patients vs. controls

Mably et al. (145) 14 28 0 Adipose tissue 1 0 0 Decreased glucose transport in basal conditions;

increased glucose transport and oxidation in insulin

stimulated conditions

Hudson et al. (76) 10 0 22 Fibroblasts from

skin biopsies

0 1 0 Decrease insulin binding of cultured fibroblasts in

DM1 patients vs. controls, possibly as a result of

decreased receptor numbers

Lam et al. (146) 10 10 0 Fibroblasts from

skin biopsies

0 1 0 Decreased insulin binding in DM1 in comparison to

controls

Morrone et al.

(147)

9 4 6 Human DM1

skeletal muscle

0 0 0 Decreased IR mRNA in patients vs. controls.

Reduction in IR protein

Furling et al. (148) 1 0 Human DM1

muscle cells

purified from fetal

myoblasts

1 1 0 Normal basal glucose uptake, but decreased

glucose uptake after insulin stimulation. Decreased

protein synthesis. Decreased IR mRNA expression

and decreased insulin binding

Savkur et al. (52) Human DM1

skeletal muscle

1 0 1 Aberrant regulation of insulin receptor alternative

splicing is associated with insulin resistance in

myotonic dystrophy

Guiraud-Dogan

et al. (149)

n/a n/a n/a Transgenic DM1

mouse tissues

1 0 1 DM1 CTG expansions affect insulin receptor

isoforms expression in DM1 mouse models

Santoro et al. (150) 3 2 Human DM1

skeletal muscle

0 0 1 Alternative splicing of human insulin receptor gene

(INSR) in type I and type II skeletal muscle fibers

Takarada et al.

(151)

Fibroblasts; cell

cultures

0 0 1 Resveratrol modulates IR splicing

Renna et al. (152) 8 8 Human DM1

skeletal muscle;

myotubes derived

from human DM1

myoblasts

1 0 1 Skeletal muscle biopsies: splicing dysregulation

toward IR-A in patients. No relation between

IR-A/IR-B expression ratio and HOMA-IR in

patients. Altered insulin signaling pathways in

patients vs. controls in terms of protein level and

phosphorylation status, dependent upon which

muscle was evaluated.

Myotubes: Changes in insulin signaling pathways in

DM1 vs. controls after insulin stimulation, despite

similar IR-A/IR-B expression ratios across groups.

Renna et al. (153) 8 6 Human DM1

skeletal muscle

1 0 1 Aberrant insulin receptor expression is associated

with insulin resistance and skeletal muscle atrophy

Empty cells denote information not present in the study or not available to us. 0/1 indicates whether or not a certain analysis was carried out. DM1, myotonic dystrophy type 1; mRNA,

messenger RNA; No., number of patients [P], healthy controls [HC], or disease controls [DC]; IR, insulin receptor.

of the CUG repeat length expansion as a result of DMPK
haploinsufficiency. This could potentially block the passage of
nuclear produced mRNA across the nuclear membrane into the
cytoplasm for trafficking and expression at the cell membrane
(154). This in turn would lead to less available insulin and IGF1
receptor expression, with insulin resistance resulting (51).

In addition, there are potential mechanisms involving the
generation of reactive oxygen species (ROS) and mitochondrial
dysfunction in DM1 that may be relevant to changes in

insulin signaling. Mitochondria are subcellular organelles able
to provide ATP, synthesized by ADP and pyruvate, this energy
is used for muscle cells through oxidative phosphorylation
(155). Besides the bioenergetics function mitochondria have a
key function in cell signaling, cell proliferation/death, aging,
involvement in disease, metabolic events, maintaining cytosolic
Ca2+ homeostasis, and reactive oxygen species (ROS) synthesis
(156). ROS synthesis are key players for the onset of pathways
in the initiation of mitochondrial dysfunction resulting in the
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pathogenesis of the atrophy and diminished efficacy of skeletal
muscle (157) and eventually into diabetic impairments and
insulin resistance (158). One of the functions of DMPK is that it
exhibits a mitochondrial-related protective role against apoptosis
through oxidative stress. Several studies have demonstrated that
alterations in DMPK expression affect skeletal muscle related
mitochondrial functionality (7, 159).

Inflammatory processes in DM1 may also play a role in
alterations in insulin signaling (Figure 3). Pro-inflammatory
cytokines, including interleukins 6 and 8 (IL-6 and IL-
8) and tumor necrosis factor-α (TNFα), are key players
in the onset of insulin resistance (160). TNFα is secreted
by adipocytes and macrophages and reduces insulin
transduction which could result in glucose metabolic
disorders, insulin resistance and obesity possibly followed
by the later stadium type 2 diabetes (116, 161). This is
performed through the activation of the TNF receptor 1,
resulting in diminished AMPK (AMP-activated protein
kinase) activation, leading to diminished ACC (acetyl-CoA
carboxylase) phosphorylation and fatty acid oxidation. This
cascade results in the accumulation of diacylglycerol in
the skeletal muscle with as consequence insulin resistance
developing (116).

Another putative mechanism linking insulin resistance
in DM1 could involve leptin signaling. Leptin production
is regulated through overfeeding, hyperinsulinemia,
glucocorticoids, and TNFα, while the decrease in leptin is
associated by amongst others fasting, cAMP, testosterone and
the growth hormone (GH). Increased leptin levels have been
reported in DM1 patients compared to controls (87). This may
be explained by insulin resistance, with increased insulin levels,
increased cortisol levels resulting from alterations in glucose
intake, higher TNFR-2 receptor expression, hypogonadism, and
decreased testosterone levels reported in DM1. Testosterone
is able to decrease leptin levels (87) and also provides a
mechanistic explanation for alterations in insulin resistance
via changes in testosterone/leptin signaling. Although other
pathophysiological mechanisms could be involved in the
development of insulin resistance in DM1, toxic aberrant
mRNA resulting in dysregulated splicing of the insulin
receptor mRNA is currently best supported in the literature.
Of note, dysregulated IR splicing in muscle could provide a
therapeutic target in DM1, as has been hinted at in a recent
study (151).

Little is known about the role of insulin signaling and
its potential alterations in DM1 in the brain. Changes in
brain insulin signaling are however not inconceivable, given
the fact that IR isoform expression was abnormally regulated
in various insulin responsive tissues (like skeletal muscles,
adipose tissue, liver and pancreas). However, in the brain
of DM300-328 mice, the hypothalamus/thalamus tissue, the
food intake related control center with the highest degree
of insulin receptor expression, did not show difference in
IRA isoform levels (149). At the histopathological level, brain
involvement in DM1 could be classified as a tauopathy (162).
A recent review has pointed out the intricate interrelations
between tau and insulin signaling (163). Tau is linked

to brain and peripheral insulin resistance and beta cell
dysfunction; conversely, insulin resistance could also lead to tau
dysfunction (163).

With regards to a role for IGF1 in DM1, the current
literature is scarce from a molecular perspective. Its role in
skeletal muscular growth has led to IGF1 being considered as
a treatment for muscular frailty in DM1 (see previous section)
(139). Reduced muscle mass and strength is seen in mdx
mice (a model for Duchenne muscular dystrophy). Increasing
expression of mIGF1 in this model improved muscle mass
and strength, and lowered fibrosis in aged diaphragms (164).
While this approach could also be deployed in DM1, this
requires confirmation in both preclinical and clinical DM1
cohorts. Of interest, serum levels of IGF1 and IGFBP3 are
reduced in the DMSXL mouse model of DM1 (165) but it is
not known whether supplementing with IGF1 or increasing its
expression would rescue the impairment in muscle function seen
in this model.

SUMMARY AND FUTURE DIRECTIONS

In this review, we have consolidated the clinical and molecular
evidence for the involvement of insulin signaling in myotonic
dystrophy type 1. Clear links have been established between
pathophysiological concepts in DM1, such as spliceopathy and
DMPK haploinsufficiency, and molecular alterations in insulin
signaling. However, it is clear that from a clinical perspective,
defective insulin signaling is not a constant feature in DM1.
As with other DM1 phenotypes, insulin signaling abnormalities,
such as insulin resistance, occur only in a subset of DM1
patients. Moreover, insulin resistance may be a contributor to
the DM1 phenotype (and may act to exacerbate symptoms) but
it is too early to speculate whether it is causative or merely
associative. Given the presence of insulin resistance in a subset
of DM1 patients, patient stratification will be important in future
studies, especially clinical therapeutic trials as insulin-modifying
therapies may be relevant to some DM1 patients but not all.
With respect to the latter, several smaller clinical trials that
have modulated insulin signaling (e.g., metformin, recombinant
IGF1) have shown results that deserve further exploration in
larger patient samples. Questions that remain to be answered
include which clinical DM1 features are linked to disordered
insulin signaling in DM1, as alterations in insulin signaling and
its effects may be tissue dependent. The relevance of changes in
insulin signaling may vary dependent upon the DM1 feature.
Mapping of clinical signs/symptoms to insulin-related changes
would be useful to ascertain. Furthermore, whether modification
of insulin signaling with drugs is feasible and effective in
ameliorating these symptoms remains to be studied further.
The evaluation of different kinds of type 2 diabetes mellitus
medication for clinical efficacy in DM1 would also be useful.
Elucidating the underlying molecular mechanisms of any drugs
(e.g., metformin) with a positive clinical impact in DM1 is also a
priority. These investigations of themolecular aspects should also
assess any differential signaling between various down-stream
insulin signaling pathways in DM1 and relate these to drug

Frontiers in Neurology | www.frontiersin.org 12 November 2019 | Volume 10 | Article 1229

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Nieuwenhuis et al. Insulin Signaling in DM1

efficacy. Moreover, the efficacy of IGF1/2 should be re-evaluated
in light of improvements to its action when combined with
IGFBPs and ALS. As an example, the IGFBP6-IGF2 complex
is reported to regulate muscle differentiation (166), which may
be relevant in light of muscle loss in DM1. Whether markers,
such as the IGFBPs and ALS change in DM1 requires systematic
investigation. The therapeutic opportunities are not limited to
pharmacology. Given the positive outcome of the OPTIMISTIC
clinical trial examining cognitive behavioral therapy and exercise
in DM1, it is of interest to know if alterations in lifestyle in
DM1 patients that may beneficially impact health status, affect
insulin signaling in DM1, and by what mechanisms. In future
trials, candidate drugs could be combined with lifestyle change
directed interventions to maximize therapeutic potential. In
conclusion, insulin signaling in DM1 poses interesting challenges
and potential therapeutic opportunities in the next decades.

AUTHOR CONTRIBUTIONS

SN, KO, and JG produced the concept, evaluated the
literature, drafted and critically revised the manuscript
while JW, PB, PH, and BE critically edited the manuscript.
All authors contributed to the finalization of the manuscript
for submission.

FUNDING

The research leading to these results has received funding
from the European Community’s Seventh Framework
Programme (FP7/2007–2013) under grant agreement no.
305697 (OPTIMISTIC). In addition, funding has been received
under the European Community’s E-RARE programme under
grant agreement no. 18-038 (ReCognitiOn).

REFERENCES

1. Holt I, Jacquemin V, Fardaei M, Sewry CA, Butler-Browne GS, Furling

D, et al. Muscleblind-like proteins: similarities and differences in normal

and myotonic dystrophy muscle. Am J Pathol. (2009) 174:216–27.

doi: 10.2353/ajpath.2009.080520

2. Jiang H, Mankodi A, Swanson MS, Moxley RT, Thornton CA. Myotonic

dystrophy type 1 is associated with nuclear foci of mutant RNA,

sequestration of muscleblind proteins and deregulated alternative splicing

in neurons. HumMol Genet. (2004) 13:3079–88. doi: 10.1093/hmg/ddh327

3. Thornton CA, Wang E, Carrell EM. Myotonic dystrophy:

approach to therapy. Curr Opin Genet Dev. (2017) 44:135–40.

doi: 10.1016/j.gde.2017.03.007

4. Sato S, Nakamura M, Cho DH, Tapscott SJ, Ozaki H, Kawakami K.

Identification of transcriptional targets for Six5: implication for the

pathogenesis ofmyotonic dystrophy type 1.HumMol Genet. (2002) 11:1045–

58. doi: 10.1093/hmg/11.9.1045

5. Berul CI, Maguire CT, Aronovitz MJ, Greenwood J, Miller C, Gehrmann

J, et al. DMPK dosage alterations result in atrioventricular conduction

abnormalities in a mouse myotonic dystrophy model. J Clin Invest. (1999)

103:R1–7. doi: 10.1172/JCI5346

6. Chau A, Kalsotra A. Developmental insights into the pathology of and

therapeutic strategies for DM1: back to the basics. Dev Dyn. (2015) 244:377–

90. doi: 10.1002/dvdy.24240

7. van Herpen RE, Oude Ophuis RJ, Wijers M, Bennink MB, van de

Loo FA, Fransen J, et al. Divergent mitochondrial and endoplasmic

reticulum association of DMPK splice isoforms depends on unique

sequence arrangements in tail anchors. Mol Cell Biol. (2005) 25:1402–14.

doi: 10.1128/MCB.25.4.1402-1414.2005

8. Whiting EJ, Waring JD, Tamai K, Somerville MJ, Hincke M, Staines WA,

et al. Characterization of myotonic dystrophy kinase (DMK) protein in

human and rodent muscle and central nervous tissue. Hum Mol Genet.

(1995) 4:1063–72. doi: 10.1093/hmg/4.6.1063

9. UhlenM, Oksvold P, Fagerberg L, Lundberg E, Jonasson K, Forsberg M, et al.

Towards a knowledge-based human protein Atlas. Nat Biotechnol. (2010)

28:1248–50. doi: 10.1038/nbt1210-1248

10. Delaporte C. Personality patterns in patients with myotonic dystrophy. Arch

Neurol. (1998) 55:635–40. doi: 10.1001/archneur.55.5.635

11. Furling D, Lam le T, Agbulut O, Butler-Browne GS, Morris GE. Changes

in myotonic dystrophy protein kinase levels and muscle development

in congenital myotonic dystrophy. Am J Pathol. (2003) 162:1001–9.

doi: 10.1016/S0002-9440(10)63894-1

12. Meola G, Cardani R. Myotonic dystrophies: an update on clinical aspects,

genetic, pathology, and molecular pathomechanisms. Biochim Biophys Acta.

(2015) 1852:594–606. doi: 10.1016/j.bbadis.2014.05.019

13. Nakamori M, Thornton C. Epigenetic changes and non-coding expanded

repeats. Neurobiol Dis. (2010) 39:21–7. doi: 10.1016/j.nbd.2010.02.004

14. Higham CF, Monckton DG. Modelling and inference reveal nonlinear

length-dependent suppression of somatic instability for small disease

associated alleles in myotonic dystrophy type 1 and Huntington disease. J

R Soc Interface. (2013) 10:20130605. doi: 10.1098/rsif.2013.0605

15. Gray SM, Meijer RI, Barrett EJ. Insulin regulates brain function, but how

does it get there? Diabetes. (2014) 63:3992–7. doi: 10.2337/db14-0340

16. LeRoith D. Insulin-like growth factors and the brain. Endocrinology. (2008)

149:5951. doi: 10.1210/en.2008-1190

17. Heni M, Kullmann S, Preissl H, Fritsche A, Haring HU. Impaired insulin

action in the human brain: causes and metabolic consequences. Nat Rev

Endocrinol. (2015) 11:701–11. doi: 10.1038/nrendo.2015.173

18. Werner H, LeRoith D. Insulin and insulin-like growth factor receptors in the

brain: physiological and pathological aspects. Eur Neuropsychopharmacol.

(2014) 24:1947–53. doi: 10.1016/j.euroneuro.2014.01.020

19. Perry RJ, Camporez JG, Kursawe R, Titchenell PM, Zhang D, Perry

CJ, et al. Hepatic acetyl CoA links adipose tissue inflammation to

hepatic insulin resistance and type 2 diabetes. Cell. (2015) 160:745–58.

doi: 10.1016/j.cell.2015.01.012

20. Meex RCR, Blaak EE, van Loon LJC. Lipotoxicity plays a key role in the

development of both insulin resistance and muscle atrophy in patients with

type 2 diabetes. Obes Rev. (2019) 20:1205–17. doi: 10.1111/obr.12862

21. Fujita S, Rasmussen BB, Cadenas JG, Grady JJ, Volpi E. Effect of insulin on

human skeletal muscle protein synthesis is modulated by insulin-induced

changes in muscle blood flow and amino acid availability. Am J Physiol

Endocrinol Metab. (2006) 291:E745–54. doi: 10.1152/ajpendo.00271.2005

22. Liu M, Weiss MA, Arunagiri A, Yong J, Rege N, Sun J, et al. Biosynthesis,

structure, and folding of the insulin precursor protein. Diabetes Obes Metab.

(2018) 20:28–50. doi: 10.1111/dom.13378

23. Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R. Insulin receptor

isoforms and insulin receptor/insulin-like growth factor receptor

hybrids in physiology and disease. Endocr Rev. (2009) 30:586–623.

doi: 10.1210/er.2008-0047

24. Russo VC, Gluckman PD, Feldman EL,Werther GA. The insulin-like growth

factor system and its pleiotropic functions in brain. Endocr Rev. (2005)

26:916–43. doi: 10.1210/er.2004-0024

25. Heatwole CR, Eichinger KJ, Friedman DI, Hilbert JE, Jackson CE,

Logigian EL, et al. Open-label trial of recombinant human insulin-like

growth factor 1/recombinant human insulin-like growth factor binding

protein 3 in myotonic dystrophy type 1. Arch Neurol. (2011) 68:37–44.

doi: 10.1001/archneurol.2010.227

26. Williams RM,McDonald A, O’SavageM, Dunger DB.Mecasermin rinfabate:

rhIGF-I/rhIGFBP-3 complex: iPLEX. Expert Opin Drug Metab Toxicol.

(2008) 4:311–24. doi: 10.1517/17425255.4.3.311

Frontiers in Neurology | www.frontiersin.org 13 November 2019 | Volume 10 | Article 1229

https://doi.org/10.2353/ajpath.2009.080520
https://doi.org/10.1093/hmg/ddh327
https://doi.org/10.1016/j.gde.2017.03.007
https://doi.org/10.1093/hmg/11.9.1045
https://doi.org/10.1172/JCI5346
https://doi.org/10.1002/dvdy.24240
https://doi.org/10.1128/MCB.25.4.1402-1414.2005
https://doi.org/10.1093/hmg/4.6.1063
https://doi.org/10.1038/nbt1210-1248
https://doi.org/10.1001/archneur.55.5.635
https://doi.org/10.1016/S0002-9440(10)63894-1
https://doi.org/10.1016/j.bbadis.2014.05.019
https://doi.org/10.1016/j.nbd.2010.02.004
https://doi.org/10.1098/rsif.2013.0605
https://doi.org/10.2337/db14-0340
https://doi.org/10.1210/en.2008-1190
https://doi.org/10.1038/nrendo.2015.173
https://doi.org/10.1016/j.euroneuro.2014.01.020
https://doi.org/10.1016/j.cell.2015.01.012
https://doi.org/10.1111/obr.12862
https://doi.org/10.1152/ajpendo.00271.2005
https://doi.org/10.1111/dom.13378
https://doi.org/10.1210/er.2008-0047
https://doi.org/10.1210/er.2004-0024
https://doi.org/10.1001/archneurol.2010.227
https://doi.org/10.1517/17425255.4.3.311
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Nieuwenhuis et al. Insulin Signaling in DM1

27. Vella V, Nicolosi ML, Giuliano S, Bellomo M, Belfiore A, Malaguarnera R.

PPAR-gamma agonists as antineoplastic agents in cancers with dysregulated

IGF axis. Front Endocrinol. (2017) 8:31. doi: 10.3389/fendo.2017.00031

28. Bach LA. Endothelial cells and the IGF system. J Mol Endocrinol. (2015)

54:R1–13. doi: 10.1530/JME-14-0215

29. Manev H, Manev R. New antidepressant drugs that do not cross the blood-

brain barrier.Med Hypotheses. (2002) 58:83–4. doi: 10.1054/mehy.2001.1462

30. Wrigley S, Arafa D, Tropea D. Insulin-like growth factor 1: at the

crossroads of brain development and aging. Front Cell Neurosci. (2017) 11:14.

doi: 10.3389/fncel.2017.00014

31. Barton ER, Morris L, Musaro A, Rosenthal N, Sweeney HL. Muscle-specific

expression of insulin-like growth factor I counters muscle decline in mdx

mice. J Cell Biol. (2002) 157:137–48. doi: 10.1083/jcb.200108071

32. Lann D, LeRoith D. The role of endocrine insulin-like growth factor-I and

insulin in breast cancer. J Mamm Gland Biol Neoplasia. (2008) 13:371–9.

doi: 10.1007/s10911-008-9100-x

33. Pardo M, Cheng Y, Sitbon YH, Lowell JA, Grieco SF, Worthen RJ, et al.

Insulin growth factor 2 (IGF2) as an emergent target in psychiatric

and neurological disorders. Review. Neurosci Res. (2018). 18, 1–13.

doi: 10.1016/j.neures.2018.10.012

34. Barroca V, Lewandowski D, Jaracz-Ros A, Hardouin SN. Paternal insulin-

like growth factor 2 (Igf2) regulates stem cell activity during adulthood.

EBioMedicine. (2017) 15:150–62. doi: 10.1016/j.ebiom.2016.11.035

35. Lee Y, Lee YW, Gao Q, Lee Y, Lee HE, Ryu JH. Exogenous insulin-

like growth factor 2 administration enhances memory consolidation and

persistence in a time-dependent manner. Brain Res. (2015) 1622:466–73.

doi: 10.1016/j.brainres.2015.07.002

36. Chen DY, Stern SA, Garcia-Osta A, Saunier-Rebori B, Pollonini G, Bambah-

Mukku D, et al. A critical role for IGF-II in memory consolidation and

enhancement. Nature. (2011) 469:491–7. doi: 10.1038/nature09667

37. Menting JG, Lawrence CF, Kong GK, Margetts MB, Ward CW, Lawrence

MC. Structural congruency of ligand binding to the insulin and insulin/type

1 insulin-like growth factor hybrid receptors. Structure. (2015) 23:1271–82.

doi: 10.1016/j.str.2015.04.016

38. Slaaby R. Specific insulin/IGF1 hybrid receptor activation assay reveals

IGF1 as a more potent ligand than insulin. Sci Rep. (2015) 5:7911.

doi: 10.1038/srep07911

39. Andersen M, Norgaard-Pedersen D, Brandt J, Pettersson I, Slaaby R. IGF1

and IGF2 specificities to the two insulin receptor isoforms are determined

by insulin receptor amino acid 718. PLoS ONE. (2017) 12:e0178885.

doi: 10.1371/journal.pone.0178885

40. Svanberg E, Frost RA, Lang CH, Isgaard J, Jefferson LS, Kimball SR,

et al. IGF-I/IGFBP-3 binary complex modulates sepsis-induced inhibition of

protein synthesis in skeletal muscle. Am J Physiol Endocrinol Metab. (2000)

279:E1145–58. doi: 10.1152/ajpendo.2000.279.5.E1145

41. Zaidman VE. Analysis of acid-labile subunit and its usefulness in pediatrics.

Arch Argentinos Pediatr. (2017) 115:391–8. doi: 10.5546/aap.2017.eng.391

42. Zapf J, Hauri C, Futo E, Hussain M, Rutishauser J, Maack CA, et al.

Intravenously injected insulin-like growth factor (IGF) I/IGF binding

protein-3 complex exerts insulin-like effects in hypophysectomized, but

not in normal rats. J Clin Invest. (1995) 95:179–86. doi: 10.1172/

JCI117636

43. Kavran JM, McCabe JM, Byrne PO, Connacher MK, Wang Z, Ramek

A, et al. How IGF-1 activates its receptor. eLife. (2014) 3:e03772.

doi: 10.7554/eLife.03772

44. Lemamy GJ, Ndeboko B, Omouessi ST, Mouecoucou J. Restricted

growth clinical, genetic and molecular aspects. In: del Carmen Cardenas-

Aguayo M, editor. Mannose-6-Phosphate/Insulin-Like Growth Factor 2

Receptor (M6P/IGF2-R) in Growth and Disease: A Review. London:

IntechOpen (2016). p. 147–61. doi: 10.5772/64810

45. Bunn RC, King WD, Winkler MK, Fowlkes JL. Early developmental

changes in IGF-I, IGF-II, IGF binding protein-1, and IGF binding protein-

3 concentration in the cerebrospinal fluid of children. Pediatr Res. (2005)

58:89–93. doi: 10.1203/01.PDR.0000156369.62787.96

46. Burgdorf J, Colechio EM, Ghoreishi-Haack N, Gross AL, Rex CS, Zhang

XL, et al. IGFBP2 produces rapid-acting and long-lasting effects in rat

models of posttraumatic stress disorder via a novel mechanism associated

with structural plasticity. Int J Neuropsychopharmacol. (2017) 20:476–84.

doi: 10.1093/ijnp/pyx007

47. Schulz PE, McIntosh AD, Kasten MR, Wieringa B, Epstein HF. A role for

myotonic dystrophy protein kinase in synaptic plasticity. J Neurophysiol.

(2003) 89:1177–86. doi: 10.1152/jn.00504.2002

48. Liu Y, Wu M, Ling J, Cai L, Zhang D, Gu HF, et al. Serum IGFBP7 levels

associate with insulin resistance and the risk of metabolic syndrome in a

Chinese population. Sci Rep. (2015) 5:10227. doi: 10.1038/srep10227

49. Zhan Y, Wang J, Ma Y, Liu Z, Xu H, Lu S, et al. Serum insulin-

like, growth factor binding protein-related protein 1 (IGFBP-rP1) and

endometrial cancer risk in Chinese women. Int J Cancer. (2013) 132:411–6.

doi: 10.1002/ijc.27622

50. Evdokimova V, Tognon CE, Benatar T, Yang W, Krutikov K, Pollak M, et al.

IGFBP7 binds to the IGF-1 receptor and blocks its activation by insulin-like

growth factors. Sci Signal. (2012) 5:ra92. doi: 10.1126/scisignal.2003184

51. Llagostera E, Catalucci D, Marti L, Liesa M, Camps M, Ciaraldi TP,

et al. Role of myotonic dystrophy protein kinase (DMPK) in glucose

homeostasis and muscle insulin action. PLoS ONE. (2007) 2:e1134.

doi: 10.1371/journal.pone.0001134

52. Savkur RS, Philips AV, Cooper TA. Aberrant regulation of insulin receptor

alternative splicing is associated with insulin resistance in myotonic

dystrophy. Nat Genet. (2001) 29:40–7. doi: 10.1038/ng704

53. Bird TD.Myotonic dystrophy type 1. In: Pagon RA, AdamMP, Ardinger HH,

Wallace SE, Amemiya A, Bean LJH, et al., editors. GeneReviews(R). Seattle,

WA: University of Washington (1999). p. 1–27.

54. Sansone VA. The dystrophic and nondystrophic myotonias. Continuum.

(2016) 22:1889–915. doi: 10.1212/CON.0000000000000414

55. Ashizawa T, Sarkar PS. Myotonic dystrophy types 1 and 2. Handb Clin

Neurol. (2011) 101:193–237. doi: 10.1016/B978-0-08-045031-5.00015-3

56. Marshall J. Observations on endocrine function in dystrophia myotonica.

Brain. (1959) 82:221–31. doi: 10.1093/brain/82.2.221

57. Huff TA, Horton ES, Lebovitz HE. Abnormal insulin secretion

in myotonic dystrophy. N Engl J Med. (1967) 277:837–41.

doi: 10.1056/NEJM196710192771602

58. Huff TA, Lebovitz HE. Dynamics of insulin secretion in myotonic dystrophy.

J Clin Endocrinol Metab. (1968) 28:992–8. doi: 10.1210/jcem-28-7-992

59. Bundey S. Insulin levels in myotonic dystrophy. N Engl J Med. (1968)

279:718–9. doi: 10.1056/NEJM196809262791318

60. Goden P, Griggs RC, Nissley SP, Roth J, Engel WK. Studies of plasma

insulin in myotonic dystrophy. J Clin Endocrinol Metab. (1969) 29:684–90.

doi: 10.1210/jcem-29-5-684

61. Jackson IM, Webster M, McKiddie MT, Duguid WP. Insulin

levels in myotonic dystrophy. N Engl J Med. (1969) 280:223.

doi: 10.1056/NEJM196901232800423

62. Mendelsohn LV, Friedman LM, Corredor DG, Sieracki JC, Sabeh G, Vester

JW, et al. Insulin responses in myotonia dystrophica. Metabolism. (1969)

18:764–9. doi: 10.1016/0026-0495(69)90005-5

63. Walsh JC, Turtle JR, Miller S, McLeod JG. Abnormalities of

insulin secretion in dystrophia myotonica. Brain. (1970) 93:731–42.

doi: 10.1093/brain/93.4.731

64. Bird M, Tzagournis M. Insulin secretion in myotonic dystrophy. Am J Med

Sci. (1970) 260:351–8. doi: 10.1097/00000441-197012000-00004

65. Bjorntorp P, Schroder G, Orndahl G. Carbohydrate and lipid metabolism

in relation to body composition in myotonic dystrophy. Diabetes. (1973)

22:238–42. doi: 10.2337/diab.22.4.238

66. Barbosa J, Nuttall FQ, Kennedy W, Goetz F. Plasma insulin in patients

with myotonic dystrophy and their relatives. Medicine. (1974) 53:307–23.

doi: 10.1097/00005792-197407000-00004

67. Nuttall FQ, Barbosa J, Gannon MC. The glycogen synthase system in

skeletal muscle of normal humans and patients with myotonic dystrophy:

effect of glucose and insulin administration. Metabolism. (1974) 23:561–8.

doi: 10.1016/0026-0495(74)90084-5

68. Poffenbarger PL, Bozefsky T, Soeldner JS. The direct relationship of

proinsulin-insulin hypersecretion to basal serum levels of cholesterol and

triglyceride in myotonic dystrophy. J Lab Clin Med. (1976) 87:384–96.

69. KobayashiM,Meek JC, Streib E. The insulin receptor inmyotonic dystrophy.

J Clin Endocrinol Metab. (1977) 45:821–4. doi: 10.1210/jcem-45-4-821

Frontiers in Neurology | www.frontiersin.org 14 November 2019 | Volume 10 | Article 1229

https://doi.org/10.3389/fendo.2017.00031
https://doi.org/10.1530/JME-14-0215
https://doi.org/10.1054/mehy.2001.1462
https://doi.org/10.3389/fncel.2017.00014
https://doi.org/10.1083/jcb.200108071
https://doi.org/10.1007/s10911-008-9100-x
https://doi.org/10.1016/j.neures.2018.10.012
https://doi.org/10.1016/j.ebiom.2016.11.035
https://doi.org/10.1016/j.brainres.2015.07.002
https://doi.org/10.1038/nature09667
https://doi.org/10.1016/j.str.2015.04.016
https://doi.org/10.1038/srep07911
https://doi.org/10.1371/journal.pone.0178885
https://doi.org/10.1152/ajpendo.2000.279.5.E1145
https://doi.org/10.5546/aap.2017.eng.391
https://doi.org/10.1172/JCI117636
https://doi.org/10.7554/eLife.03772
https://doi.org/10.5772/64810
https://doi.org/10.1203/01.PDR.0000156369.62787.96
https://doi.org/10.1093/ijnp/pyx007
https://doi.org/10.1152/jn.00504.2002
https://doi.org/10.1038/srep10227
https://doi.org/10.1002/ijc.27622
https://doi.org/10.1126/scisignal.2003184
https://doi.org/10.1371/journal.pone.0001134
https://doi.org/10.1038/ng704
https://doi.org/10.1212/CON.0000000000000414
https://doi.org/10.1016/B978-0-08-045031-5.00015-3
https://doi.org/10.1093/brain/82.2.221
https://doi.org/10.1056/NEJM196710192771602
https://doi.org/10.1210/jcem-28-7-992
https://doi.org/10.1056/NEJM196809262791318
https://doi.org/10.1210/jcem-29-5-684
https://doi.org/10.1056/NEJM196901232800423
https://doi.org/10.1016/0026-0495(69)90005-5
https://doi.org/10.1093/brain/93.4.731
https://doi.org/10.1097/00000441-197012000-00004
https://doi.org/10.2337/diab.22.4.238
https://doi.org/10.1097/00005792-197407000-00004
https://doi.org/10.1016/0026-0495(74)90084-5
https://doi.org/10.1210/jcem-45-4-821
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Nieuwenhuis et al. Insulin Signaling in DM1

70. Tevaarwerk GJ, Hudson AJ. Carbohydrate metabolism and insulin resistance

in myotonia dystrophica. J Clin Endocrinol Metab. (1977) 44:491–8.

doi: 10.1210/jcem-44-3-491

71. Moxley RT III, Griggs RC, Goldblatt D, VanGelder V, Herr BE, Thiel R.

Decreased insulin sensitivity of forearm muscle in myotonic dystrophy. J

Clin Invest. (1978) 62:857–67. doi: 10.1172/JCI109198

72. Festoff BW, Moore WV. Evaluation of insulin receptor in myotonic

dystrophy. Ann Neurol. (1979) 6:60–5. doi: 10.1002/ana.410060114

73. Stuart CA, Armstrong RM, Provow SA, Plishker GA. Insulin resistance

in patients with myotonic dystrophy. Neurology. (1983) 33:679–85.

doi: 10.1212/WNL.33.6.679

74. Moxley RT, Corbett AJ, Minaker KL, Rowe JW. Whole body insulin

resistance in myotonic dystrophy. Ann Neurol. (1984) 15:157–62.

doi: 10.1002/ana.410150208

75. Corbett A, Kingston W, Griggs RC, Moxley RT III. Effect of acetazolamide

on insulin sensitivity in myotonic disorders. Arch Neurol. (1984) 41:740–3.

doi: 10.1001/archneur.1984.04050180062019

76. Hudson AJ, Huff MW, Wright CG, Silver MM, Lo TC, Banerjee D. The role

of insulin resistance in the pathogenesis of myotonic muscular dystrophy.

Brain. (1987) 110:469–88. doi: 10.1093/brain/110.2.469

77. Moxley RT III, Kingston WJ, Griggs RC, Livingston JN. Lack of rapid

enhancement of insulin action after oral glucose challenge in myotonic

dystrophy. Diabetes. (1987) 36:693–701. doi: 10.2337/diab.36.6.693

78. Krentz AJ, Coles NH, Williams AC, Nattrass M. Abnormal regulation of

intermediary metabolism after oral glucose ingestion in myotonic dystrophy.

Metabolism. (1990) 39:938–42. doi: 10.1016/0026-0495(90)90304-U

79. Piccardo MG, Pacini G, Rosa M, Vichi R. Insulin resistance in myotonic

dystrophy. Enzyme. (1991) 45:14–22. doi: 10.1159/000468860

80. Krentz AJ, Clark PM, Cox L, Williams AC, Nattrass M.

Hyperproinsulinaemia in patients with myotonic dystrophy. Diabetologia.

(1992) 35:1170–2. doi: 10.1007/BF00401372

81. Gomez Saez JM, Fernandez Real JM, Fernandez Castaner M, Navarro

Moreno MA, Martinez Matos JA, Soler Ramon J. Study on growth hormone

and insulin secretion in myotonic dystrophy. Clin Investig. (1994) 72:508–11.

doi: 10.1007/BF00207479

82. Annane D, Fiorelli M, Mazoyer B, Pappata S, Eymard B, Radvanyi H,

et al. Impaired cerebral glucose metabolism in myotonic dystrophy: a

triplet-size dependent phenomenon. Neuromuscul Disord. (1998) 8:39–45.

doi: 10.1016/S0960-8966(97)00144-2

83. Johansson A, Olsson T, Cederquist K, Forsberg H, Holst JJ, Seckl JR, et al.

Abnormal release of incretins and cortisol after oral glucose in subjects with

insulin-resistant myotonic dystrophy. Eur J Endocrinol. (2002) 146:397–405.

doi: 10.1530/eje.0.1460397

84. Perseghin G, Caumo A, Arcelloni C, Benedini S, Lanzi R, Pagliato E, et al.

Contribution of abnormal insulin secretion and insulin resistance to the

pathogenesis of type 2 diabetes in myotonic dystrophy.Diabetes Care. (2003)

26:2112–8. doi: 10.2337/diacare.26.7.2112

85. Perseghin G, Comola M, Scifo P, Benedini S, De Cobelli F, Lanzi R, et al.

Postabsorptive and insulin-stimulated energy and protein metabolism in

patients with myotonic dystrophy type 1. Am J Clin Nutr. (2004) 80:357–64.

doi: 10.1093/ajcn/80.2.357

86. Matsumura T, Iwahashi H, Funahashi T, Takahashi MP, Saito T,

Yasui K, et al. A cross-sectional study for glucose intolerance of

myotonic dystrophy. J Neurol Sci. (2009) 276:60–5. doi: 10.1016/j.jns.2008.

08.037

87. Rakocevic Stojanovic V, Peric S, Lavrnic D, Popovic S, Ille T,

Stevic Z, et al. Leptin and the metabolic syndrome in patients with

myotonic dystrophy type 1. Acta Neurol Scand. (2010) 121:94–8.

doi: 10.1111/j.1600-0404.2009.01237.x

88. Lebovitz HE. Insulin resistance: definition and consequences. Exp Clin

Endocrinol Diabetes. (2001) 109:S135–48. doi: 10.1055/s-2001-18576

89. American Diabetes A. 2. Classification and diagnosis of diabetes: standards

of medical care in diabetes-2018. Diabetes Care. (2018) 41:S13–27.

doi: 10.2337/dc18-S002

90. Gluvic Z, Zaric B, Resanovic I, Obradovic M,Mitrovic A, Radak D, et al. Link

between metabolic syndrome and insulin resistance. Curr Vasc Pharmacol.

(2017) 15:30–9. doi: 10.2174/1570161114666161007164510

91. Vujnic M, Peric S, Popovic S, Raseta N, Ralic V, Dobricic V, et al. Metabolic

syndrome in patients with myotonic dystrophy type 1.Muscle Nerve. (2015)

52:273–7. doi: 10.1002/mus.24540

92. Marshall JD, Maffei P, Collin GB, Naggert JK. Alstrom syndrome:

genetics and clinical overview. Curr Genomics. (2011) 12:225–35.

doi: 10.2174/138920211795677912

93. Oshima J, Sidorova JM, Monnat RJ Jr. Werner syndrome: clinical features,

pathogenesis and potential therapeutic interventions. Ageing Res Rev. (2017)

33:105–14. doi: 10.1016/j.arr.2016.03.002

94. Towbin JA, Vatta M. Molecular biology and the prolonged QT syndromes.

Am J Med. (2001) 110:385–98. doi: 10.1016/S0002-9343(00)00715-4

95. Karikkineth AC, Scheibye-Knudsen M, Fivenson E, Croteau DL, Bohr VA.

Cockayne syndrome: clinical features, model systems and pathways. Ageing

Res Rev. (2017) 33:3–17. doi: 10.1016/j.arr.2016.08.002

96. Amirifar P, Ranjouri MR, Yazdani R, Abolhassani H, Aghamohammadi A.

Ataxia-telangiectasia: a review of clinical features and molecular pathology.

Pediatr Allergy Immunol. (2019) 30:277–88. doi: 10.1111/pai.13020

97. Meinke P, Hintze S, Limmer S, Schoser B. Myotonic dystrophy-a progeroid

disease? Front Neurol. (2018) 9:601. doi: 10.3389/fneur.2018.00601

98. Mateos-Aierdi AJ, Goicoechea M, Aiastui A, Fernandez-Torron R, Garcia-

Puga M, Matheu A, et al. Muscle wasting in myotonic dystrophies:

a model of premature aging. Front Aging Neurosci. (2015) 7:125.

doi: 10.3389/fnagi.2015.00125

99. Campione E, Botta A, Di Prete M, Rastelli E, Gibellini M, Petrucci A, et al.

Cutaneous features of myotonic dystrophy types 1 and 2: Implication of

premature aging and vitamin D homeostasis. Neuromuscul Disord. (2017)

27:163–9. doi: 10.1016/j.nmd.2016.11.004

100. Barzilai N, Ferrucci L. Insulin resistance and aging: a cause or a protective

response? J Gerontol A. (2012) 67:1329–31. doi: 10.1093/gerona/gls145

101. Best AF, Hilbert JE, Wood L, Martens WB, Nikolenko N, Marini-Bettolo C,

et al. Survival patterns and cancer determinants in families with myotonic

dystrophy type 1. Eur J Neurol. (2019) 26:58–65. doi: 10.1111/ene.13763

102. Win AK, Perattur PG, Pulido JS, Pulido CM, Lindor NM. Increased

cancer risks in myotonic dystrophy. Mayo Clin Proc. (2012) 87:130–5.

doi: 10.1016/j.mayocp.2011.09.005

103. Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunction of mitochondria

in human skeletal muscle in type 2 diabetes. Diabetes. (2002) 51:2944–50.

doi: 10.2337/diabetes.51.10.2944

104. Muoio Deborah M, Neufer PD. Lipid-induced mitochondrial stress

and insulin action in muscle. Cell Metab. (2012) 15:595–605.

doi: 10.1016/j.cmet.2012.04.010

105. Ono S, Kurisaki H, Inouye K, Mannen T. “Ragged-red”

fibres in myotonic dystrophy. J Neurol Sci. (1986) 74:247–55.

doi: 10.1016/0022-510X(86)90110-3

106. Boengler K, Kosiol M, Mayr M, Schulz R, Rohrbach S. Mitochondria

and ageing: role in heart, skeletal muscle and adipose tissue. J Cachexia

Sarcopenia Muscle. (2017) 8:349–69. doi: 10.1002/jcsm.12178

107. O’Donovan SD, Lenz M, Goossens GH, van der Kallen CJH, Eussen S,

Stehouwer CDA, et al. Improved quantification of muscle insulin sensitivity

using oral glucose tolerance test data: the MISI calculator. Sci Rep. (2019)

9:9388. doi: 10.1038/s41598-019-45858-w

108. KennyHC, Abel ED. Heart failure in type 2 diabetes mellitus.Circ Res. (2019)

124:121–41. doi: 10.1161/CIRCRESAHA.118.311371

109. De Rosa S, Arcidiacono B, Chiefari E, Brunetti A, Indolfi C, Foti DP. Type

2 diabetes mellitus and cardiovascular disease: genetic and epigenetic links.

Front Endocrinol. (2018) 9:2. doi: 10.3389/fendo.2018.00002

110. Kim B, Feldman EL. Insulin resistance as a key link for the increased risk

of cognitive impairment in the metabolic syndrome. Exp Mol Med. (2015)

47:e149. doi: 10.1038/emm.2015.3

111. Tham YK, Bernardo BC, Ooi JY, Weeks KL, McMullen JR. Pathophysiology

of cardiac hypertrophy and heart failure: signaling pathways

and novel therapeutic targets. Archiv Toxicol. (2015) 89:1401–38.

doi: 10.1007/s00204-015-1477-x

112. Wahbi K, Porcher R, Laforet P, Fayssoil A, Becane HM, Lazarus A, et al.

Development and validation of a new scoring system to predict survival in

patients with myotonic dystrophy type 1. JAMA Neurol. (2018) 75:573–81.

doi: 10.1001/jamaneurol.2017.4778

Frontiers in Neurology | www.frontiersin.org 15 November 2019 | Volume 10 | Article 1229

https://doi.org/10.1210/jcem-44-3-491
https://doi.org/10.1172/JCI109198
https://doi.org/10.1002/ana.410060114
https://doi.org/10.1212/WNL.33.6.679
https://doi.org/10.1002/ana.410150208
https://doi.org/10.1001/archneur.1984.04050180062019
https://doi.org/10.1093/brain/110.2.469
https://doi.org/10.2337/diab.36.6.693
https://doi.org/10.1016/0026-0495(90)90304-U
https://doi.org/10.1159/000468860
https://doi.org/10.1007/BF00401372
https://doi.org/10.1007/BF00207479
https://doi.org/10.1016/S0960-8966(97)00144-2
https://doi.org/10.1530/eje.0.1460397
https://doi.org/10.2337/diacare.26.7.2112
https://doi.org/10.1093/ajcn/80.2.357
https://doi.org/10.1016/j.jns.2008.08.037
https://doi.org/10.1111/j.1600-0404.2009.01237.x
https://doi.org/10.1055/s-2001-18576
https://doi.org/10.2337/dc18-S002
https://doi.org/10.2174/1570161114666161007164510
https://doi.org/10.1002/mus.24540
https://doi.org/10.2174/138920211795677912
https://doi.org/10.1016/j.arr.2016.03.002
https://doi.org/10.1016/S0002-9343(00)00715-4
https://doi.org/10.1016/j.arr.2016.08.002
https://doi.org/10.1111/pai.13020
https://doi.org/10.3389/fneur.2018.00601
https://doi.org/10.3389/fnagi.2015.00125
https://doi.org/10.1016/j.nmd.2016.11.004
https://doi.org/10.1093/gerona/gls145
https://doi.org/10.1111/ene.13763
https://doi.org/10.1016/j.mayocp.2011.09.005
https://doi.org/10.2337/diabetes.51.10.2944
https://doi.org/10.1016/j.cmet.2012.04.010
https://doi.org/10.1016/0022-510X(86)90110-3
https://doi.org/10.1002/jcsm.12178
https://doi.org/10.1038/s41598-019-45858-w
https://doi.org/10.1161/CIRCRESAHA.118.311371
https://doi.org/10.3389/fendo.2018.00002
https://doi.org/10.1038/emm.2015.3
https://doi.org/10.1007/s00204-015-1477-x
https://doi.org/10.1001/jamaneurol.2017.4778
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Nieuwenhuis et al. Insulin Signaling in DM1

113. Liu H, Lorenzini PA, Zhang F, Xu S, Wong MSM, Zheng J, et al.

Alternative splicing analysis in human monocytes and macrophages

reveals MBNL1 as major regulator. Nucleic Acids Res. (2018) 46:6069–86.

doi: 10.1093/nar/gky401

114. Takada H. Edited by Masanori P. Takahashi TM. Lipid metabolism

in myotonic dystrophy: disease mechanism, current management

and therapeutic development. In: Takahashi M, Matsumura T,

editors. Myotonic Dystrophy. Singapore: Springer (2018). p. 161–70.

doi: 10.1007/978-981-13-0508-5_10

115. Lee EB, Warmann G, Dhir R, Ahima RS. Metabolic dysfunction associated

with adiponectin deficiency enhances kainic acid-induced seizure severity. J

Neurosci. (2011) 31:14361–6. doi: 10.1523/JNEUROSCI.3171-11.2011

116. Li F, Li Y, Duan Y, Hu CA, Tang Y, Yin Y. Myokines and

adipokines: involvement in the crosstalk between skeletal muscle

and adipose tissue. Cytokine Growth Factor Rev. (2017) 33:73–82.

doi: 10.1016/j.cytogfr.2016.10.003

117. Pruna L, Chatelin J, Pascal-Vigneron V, Kaminsky P. Regional

body composition and functional impairment in patients with

myotonic dystrophy. Muscle Nerve. (2011) 44:503–8. doi: 10.1002/mus.

22099

118. Fiorelli M, Duboc D, Mazoyer BM, Blin J, Eymard B, Fardeau M, et al.

Decreased cerebral glucose utilization in myotonic dystrophy. Neurology.

(1992) 42:91–4. doi: 10.1212/WNL.42.1.91

119. Kullmann S, Heni M, HallschmidM, Fritsche A, Preissl H, Haring HU. Brain

insulin resistance at the crossroads of metabolic and cognitive disorders in

humans. Physiol Rev. (2016) 96:1169–209. doi: 10.1152/physrev.00032.2015

120. Gagnon C, Chouinard MC, Laberge L, Brisson D, Gaudet D, Lavoie M, et al.

Prevalence of lifestyle risk factors in myotonic dystrophy type 1.Can J Neurol

Sci. (2013) 40:42–7. doi: 10.1017/S0317167100012932

121. Gallais B, Montreuil M, Gargiulo M, Eymard B, Gagnon C, Laberge L.

Prevalence and correlates of apathy in myotonic dystrophy type 1. BMC

Neurol. (2015) 15:148. doi: 10.1186/s12883-015-0401-6

122. Dagenhardt J, Trinh A, Sumner H, Scott J, Aamodt E, Dwyer DS.

Insulin signaling deficiency produces immobility in caenorhabditis

elegans that models diminished motivation states in man and

responds to antidepressants. Mol Neuropsychiatry. (2017) 3:97–107.

doi: 10.1159/000478049

123. Okkersen K, Buskes M, Groenewoud J, Kessels RPC, Knoop H, van

Engelen B, et al. The cognitive profile of myotonic dystrophy type

1: a systematic review and meta-analysis. Cortex. (2017) 95:143–55.

doi: 10.1016/j.cortex.2017.08.008

124. van der Velden BG, Okkersen K, Kessels RP, Groenewoud J, van Engelen B,

Knoop H, et al. Affective symptoms and apathy in myotonic dystrophy type

1 a systematic review and meta-analysis. J Affect Disord. (2019) 250:260–9.

doi: 10.1016/j.jad.2019.03.036

125. Minier L, Lignier B, Bouvet C, Gallais B, Camart N. A review of

psychopathology features, personality, and coping in myotonic dystrophy

type 1. J Neuromuscul Dis. (2018) 5:279–94. doi: 10.3233/JND-180310

126. van de Vondervoort I, Poelmans G, Aschrafi A, Pauls DL, Buitelaar

JK, Glennon JC, et al. An integrated molecular landscape implicates the

regulation of dendritic spine formation through insulin-related signalling

in obsessive-compulsive disorder. J Psychiatry Neurosci. (2016) 41:280–5.

doi: 10.1503/jpn.140327

127. van de Vondervoort I, Amiri H, Bruchhage MMK, Oomen CA, Rustogi

N, Cooper JD, et al. Converging evidence points towards a role of insulin

signaling in regulating compulsive behavior. Transl Psychiatry. (2019) 9:225.

doi: 10.1038/s41398-019-0559-6

128. Minnerop M, Gliem C, Kornblum C. Current progress in CNS

imaging of myotonic dystrophy. Front Neurol. (2018) 9:646.

doi: 10.3389/fneur.2018.00646

129. Okkersen K, Monckton DG, Le N, Tuladhar AM, Raaphorst J, van Engelen

BGM. Brain imaging in myotonic dystrophy type 1: a systematic review.

Neurology. (2017) 89:960–9. doi: 10.1212/WNL.0000000000004300

130. Hawkins KA, Emadi N, Pearlson GD, Winkler AM, Taylor B, Dulipsingh L,

et al. Hyperinsulinemia and elevated systolic blood pressure independently

predict white matter hyperintensities with associated cognitive decrement

in the middle-aged offspring of dementia patients. Metab Brain Dis. (2017)

32:849–57. doi: 10.1007/s11011-017-9980-9

131. Song J, Wu L, Chen Z, Kohanski RA, Pick L. Axons guided by

insulin receptor in Drosophila visual system. Science. (2003) 300:502–5.

doi: 10.1126/science.1081203

132. van Dorst M, Okkersen K, Kessels RPC, Meijer FJA, Monckton DG, van

Engelen BGM, et al. Structural white matter networks inmyotonic dystrophy

type 1. Neuroimage Clin. (2019) 21:101615. doi: 10.1016/j.nicl.2018.101615

133. Terracciano C, Rastelli E, Morello M, Celi M, Bucci E, Antonini G, et al.

Vitamin D deficiency in myotonic dystrophy type 1. J Neurol. (2013)

260:2330–4. doi: 10.1007/s00415-013-6984-1

134. Bishop NA, Lu T, Yankner BA. Neural mechanisms of ageing and cognitive

decline. Nature. (2010) 464:529–35. doi: 10.1038/nature08983

135. Lamberts SW, van den Beld AW, van der Lely AJ. The endocrinology of

aging. Science. (1997) 278:419–24. doi: 10.1126/science.278.5337.419

136. Bassez G, Audureau E, Hogrel JY, Arrouasse R, Baghdoyan S, Bhugaloo

H, et al. Improved mobility with metformin in patients with myotonic

dystrophy type 1: a randomized controlled trial. Brain. (2018) 141:2855–65.

doi: 10.1093/brain/awy231

137. Laustriat D, Gide J, Barrault L, Chautard E, Benoit C, Auboeuf

D, et al. In vitro and in vivo modulation of alternative splicing

by the biguanide metformin. Mol Ther Nucleic Acids. (2015) 4:e262.

doi: 10.1038/mtna.2015.35

138. Kouki T, Takasu N, Nakachi A, Tamanaha T, Komiya I, Tawata M. Low-dose

metformin improves hyperglycaemia related to myotonic dystrophy. Diabet

Med. (2005) 22:346–7. doi: 10.1111/j.1464-5491.2005.01432.x

139. Vlachopapadopoulou E, Zachwieja JJ, Gertner JM, Manzione D, Bier DM,

Matthews DE, et al. Metabolic and clinical response to recombinant

human insulin-like growth factor I in myotonic dystrophy–a clinical

research center study. J Clin Endocrinol Metab. (1995) 80:3715–23.

doi: 10.1210/jcem.80.12.8530624

140. Orngreen MC, Olsen DB, Vissing J. Aerobic training in patients

with myotonic dystrophy type 1. Ann Neurol. (2005) 57:754–7.

doi: 10.1002/ana.20460

141. Kierkegaard M, Harms-Ringdahl K, Edstrom L, Widen Holmqvist L,

Tollback A. Feasibility and effects of a physical exercise programme in adults

with myotonic dystrophy type 1: a randomized controlled pilot study. J

Rehabil Med. (2011) 43:695–702. doi: 10.2340/16501977-0833

142. Okkersen K, Jimenez-Moreno C, Wenninger S, Daidj F, Glennon J,

Cumming S, et al. Cognitive behavioural therapy with optional graded

exercise therapy in patients with severe fatigue with myotonic dystrophy

type 1: a multicentre, single-blind, randomised trial. Lancet Neurol. (2018)

17:671–80. doi: 10.1016/S1474-4422(18)30203-5

143. Tevaarwerk GJ, Strickland KP, Lin CH, Hudson AJ. Studies on insulin

resistance and insulin receptor binding in myotonia dystrophica. J Clin

Endocrinol Metab. (1979) 49:216–22. doi: 10.1210/jcem-49-2-216

144. Moxley RT III, Livingston JN, Lockwood DH, Griggs RC, Hill RL. Abnormal

regulation of monocyte insulin-binding affinity after glucose ingestion in

patients with myotonic dystrophy. Proc Natl Acad Sci USA. (1981) 78:2567–

71. doi: 10.1073/pnas.78.4.2567

145. Mably E, Strickland KP, Tevaarwerk GJ, Hudson AJ. Glucose transport and

oxidation in adipose tissue of patients with myotonic dystrophy. J Neurol Sci.

(1981) 52:11–23. doi: 10.1016/0022-510X(81)90130-1

146. Lam L, Hudson AJ, Strickland KP, Tevaarwerk GJ. Insulin binding

to myotonic dystrophy fibroblasts. J Neurol Sci. (1983) 58:289–95.

doi: 10.1016/0022-510X(83)90223-X

147. Morrone A, Pegoraro E, Angelini C, Zammarchi E, Marconi G,

Hoffman EP. RNA metabolism in myotonic dystrophy: patient muscle

shows decreased insulin receptor RNA and protein consistent with

abnormal insulin resistance. J Clin Invest. (1997) 99:1691–8. doi: 10.1172/

JCI119332

148. Furling D, Marette A, Puymirat J. Insulin-like growth factor I circumvents

defective insulin action in human myotonic dystrophy skeletal muscle cells.

Endocrinology. (1999) 140:4244–50. doi: 10.1210/endo.140.9.7057

149. Guiraud-Dogan C, Huguet A, Gomes-Pereira M, Brisson E, Bassez G, Junien

C, et al. DM1 CTG expansions affect insulin receptor isoforms expression in

various tissues of transgenic mice. Biochim Biophys Acta. (2007) 1772:1183–

91. doi: 10.1016/j.bbadis.2007.08.004

150. Santoro M, Masciullo M, Bonvissuto D, Bianchi ML, Michetti F, Silvestri G.

Alternative splicing of human insulin receptor gene (INSR) in type I and type

Frontiers in Neurology | www.frontiersin.org 16 November 2019 | Volume 10 | Article 1229

https://doi.org/10.1093/nar/gky401
https://doi.org/10.1007/978-981-13-0508-5_10
https://doi.org/10.1523/JNEUROSCI.3171-11.2011
https://doi.org/10.1016/j.cytogfr.2016.10.003
https://doi.org/10.1002/mus.22099
https://doi.org/10.1212/WNL.42.1.91
https://doi.org/10.1152/physrev.00032.2015
https://doi.org/10.1017/S0317167100012932
https://doi.org/10.1186/s12883-015-0401-6
https://doi.org/10.1159/000478049
https://doi.org/10.1016/j.cortex.2017.08.008
https://doi.org/10.1016/j.jad.2019.03.036
https://doi.org/10.3233/JND-180310
https://doi.org/10.1503/jpn.140327
https://doi.org/10.1038/s41398-019-0559-6
https://doi.org/10.3389/fneur.2018.00646
https://doi.org/10.1212/WNL.0000000000004300
https://doi.org/10.1007/s11011-017-9980-9
https://doi.org/10.1126/science.1081203
https://doi.org/10.1016/j.nicl.2018.101615
https://doi.org/10.1007/s00415-013-6984-1
https://doi.org/10.1038/nature08983
https://doi.org/10.1126/science.278.5337.419
https://doi.org/10.1093/brain/awy231
https://doi.org/10.1038/mtna.2015.35
https://doi.org/10.1111/j.1464-5491.2005.01432.x
https://doi.org/10.1210/jcem.80.12.8530624
https://doi.org/10.1002/ana.20460
https://doi.org/10.2340/16501977-0833
https://doi.org/10.1016/S1474-4422(18)30203-5
https://doi.org/10.1210/jcem-49-2-216
https://doi.org/10.1073/pnas.78.4.2567
https://doi.org/10.1016/0022-510X(81)90130-1
https://doi.org/10.1016/0022-510X(83)90223-X
https://doi.org/10.1172/JCI119332
https://doi.org/10.1210/endo.140.9.7057
https://doi.org/10.1016/j.bbadis.2007.08.004
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Nieuwenhuis et al. Insulin Signaling in DM1

II skeletal muscle fibers of patients with myotonic dystrophy type 1 and type

2.Mol Cell Biochem. (2013) 380:259–65. doi: 10.1007/s11010-013-1681-z

151. Takarada T, Nishida A, Takeuchi A, Lee T, Takeshima Y, Matsuo

M. Resveratrol enhances splicing of insulin receptor exon 11 in

myotonic dystrophy type 1 fibroblasts. Brain Dev. (2015) 37:661–8.

doi: 10.1016/j.braindev.2014.11.001

152. Renna LV, Bose F, Iachettini S, Fossati B, Saraceno L, Milani V, et al. Receptor

and post-receptor abnormalities contribute to insulin resistance in myotonic

dystrophy type 1 and type 2 skeletal muscle. PLoS ONE. (2017) 12:e0184987.

doi: 10.1371/journal.pone.0184987

153. Renna LV, Bose F, Brigonzi E, Fossati B, Meola G, Cardani R. Aberrant

insulin receptor expression is associated with insulin resistance and skeletal

muscle atrophy in myotonic dystrophies. PLoS ONE. (2019) 14:e0214254.

doi: 10.1371/journal.pone.0214254

154. Ridley AJ. Rho proteins: linking signaling with membrane trafficking. Traffic.

(2001) 2:303–10. doi: 10.1034/j.1600-0854.2001.002005303.x

155. Javadov S, Chapa-Dubocq X, Makarov V. Different approaches to

modeling analysis of mitochondrial swelling. Mitochondrion. (2017) 38:58–

70. doi: 10.1016/j.mito.2017.08.004

156. Shoshan-Barmatz V, Krelin Y, Shteinfer-Kuzmine A. VDAC1 functions in

Ca2+ homeostasis and cell life and death in health and disease. Cell Calcium.

(2017) 69:81–100. doi: 10.1016/j.ceca.2017.06.007

157. Javadov S, Jang S, Rodriguez-Reyes N, Rodriguez-Zayas AE, Soto Hernandez

J, Krainz T, et al. Mitochondria-targeted antioxidant preserves contractile

properties and mitochondrial function of skeletal muscle in aged rats.

Oncotarget. (2015) 6:39469–81. doi: 10.18632/oncotarget.5783

158. Kaikini AA, Kanchan DM, Nerurkar UN, Sathaye S. Targeting mitochondrial

dysfunction for the treatment of diabetic complications: pharmacological

interventions through natural products. Pharmacogn Rev. (2017) 11:128–35.

doi: 10.4103/phrev.phrev_41_16

159. Wansink DG, van Herpen RE, Coerwinkel-Driessen MM, Groenen

PJ, Hemmings BA, Wieringa B. Alternative splicing controls

myotonic dystrophy protein kinase structure, enzymatic activity,

and subcellular localization. Mol Cell Biol. (2003) 23:5489–501.

doi: 10.1128/MCB.23.16.5489-5501.2003

160. de Luca C, Olefsky JM. Inflammation and insulin resistance. FEBS Lett.

(2008) 582:97–105. doi: 10.1016/j.febslet.2007.11.057

161. Swaroop JJ, Rajarajeswari D, Naidu JN. Association of TNF-alpha with

insulin resistance in type 2 diabetes mellitus. Indian J Med Res. (2012)

135:127–30. doi: 10.4103/0971-5916.93435

162. Caillet-Boudin ML, Fernandez-Gomez FJ, Tran H, Dhaenens CM, Buee

L, Sergeant N. Brain pathology in myotonic dystrophy: when tauopathy

meets spliceopathy and RNAopathy. Front Mol Neurosci. (2014) 6:57.

doi: 10.3389/fnmol.2013.00057

163. Goncalves RA, Wijesekara N, Fraser PE, De Felice FG. The link between

tau and insulin signaling: implications for Alzheimer’s disease and other

tauopathies. Front Cell Neurosci. (2019) 13:17. doi: 10.3389/fncel.2019.00017

164. De Luca A, Pierno S, Liantonio A, Cetrone M, Camerino C, Fraysse B, et al.

Enhanced dystrophic progression in mdx mice by exercise and beneficial

effects of taurine and insulin-like growth factor-1. J Pharmacol Exp Ther.

(2003) 304:453–63. doi: 10.1124/jpet.102.041343

165. Huguet A, Medja F, Nicole A, Vignaud A, Guiraud-Dogan C, Ferry A, et al.

Molecular, physiological, and motor performance defects in DMSXL mice

carrying >1,000 CTG repeats from the human DM1 locus. PLoS Genet.

(2012) 8:e1003043. doi: 10.1371/journal.pgen.1003043

166. Aboalola D, Han VKM. Different effects of insulin-like growth factor-

1 and insulin-like growth factor-2 on myogenic differentiation of

human mesenchymal stem cells. Stem Cells Int. (2017) 2017:8286248.

doi: 10.1155/2017/8286248

Conflict of Interest: JG in the past 4 years has been a consultant to Boehringer

Ingelheim GmbH. He was not an employee of this company, and was not a

stock shareholder of this company. The funding organizations listed have had

no involvement with the conception, design, data analysis and interpretation,

review and/or any other aspects relating to this paper. PB is employed by

a commercial company, namely VDL Enabling Technologies Group B.V.,

Eindhoven, Netherlands. This relationship did not in any way influence this

manuscript.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2019 Nieuwenhuis, Okkersen, Widomska, Blom, ’t Hoen, van Engelen

and Glennon. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 17 November 2019 | Volume 10 | Article 1229

https://doi.org/10.1007/s11010-013-1681-z
https://doi.org/10.1016/j.braindev.2014.11.001
https://doi.org/10.1371/journal.pone.0184987
https://doi.org/10.1371/journal.pone.0214254
https://doi.org/10.1034/j.1600-0854.2001.002005303.x
https://doi.org/10.1016/j.mito.2017.08.004
https://doi.org/10.1016/j.ceca.2017.06.007
https://doi.org/10.18632/oncotarget.5783
https://doi.org/10.4103/phrev.phrev_41_16
https://doi.org/10.1128/MCB.23.16.5489-5501.2003
https://doi.org/10.1016/j.febslet.2007.11.057
https://doi.org/10.4103/0971-5916.93435
https://doi.org/10.3389/fnmol.2013.00057
https://doi.org/10.3389/fncel.2019.00017
https://doi.org/10.1124/jpet.102.041343
https://doi.org/10.1371/journal.pgen.1003043
https://doi.org/10.1155/2017/8286248
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Insulin Signaling as a Key Moderator in Myotonic Dystrophy Type 1
	Introduction
	Molecular Pathophysiology of DM1
	Physiology of Insulin SIGNALING
	Clinical Evidence of Insulin SIGNALING Involvement in DM1
	Insulin and Insulin Resistance in DM1
	Relevance of Insulin Resistance
	Brain Insulin Signaling: Relevant in DM1?
	IGFs in DM1
	Evidence From Clinical Trials

	Molecular Evidence of Insulin SIGNALING Involvement in DM1
	Summary and Future Directions
	Author Contributions
	Funding
	References


