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OBJECTIVE — Myotonic dystrophy (MyD), the most common adult form of muscular dys-
trophy, is often complicated by diabetes. MyD is dominantly inherited and is due to heterozy-
gosity for a trinucleotide repeat expansion mutation in a protein kinase gene able to induce
derangement of RNA metabolism responsible of an aberrant insulin receptor expression.

RESEARCH DESIGN AND METHODS — To assess insulin sensitivity and secretion
before the onset of diabetes, we studied 10 MyD patients, 10 offspring of type 2 diabetes (OFF),
and 10 healthy subjects with no family history of diabetes (control subjects) with dual X-ray
energy absorption, euglycemic-hyperinsulinemic clamp (40 mU/[m2 � min]) combined with
infusion of [6,6-D2]-glucose and oral glucose tolerance test (OGTT).

RESULTS — MyD had reduced lean body mass, but peripheral insulin sensitivity was not
different to that of control subjects in contrast to OFF, which showed insulin resistance. Insulin
secretion, obtained by deconvolution of OGTT data, was also shown to be comparable with that
of OFF and control subjects (index of �-cell function � �; P � 0.91) even if increased param-
eters of insulin secretion were found during the first 30 min (�30; P � 0.05) of the oral glucose
challenge. Fasting plasma proinsulin concentrations (P � 0.01) and the ratio to insulin (P �
0.01) were increased in MyD patients. The proinsulin levels also failed to be suppressed during
the clamp and showed exaggerated response after the OGTT. Increased proinsulin levels were
shown to be peculiar of MyD patients when compared with OFF.

CONCLUSIONS — In nondiabetic, young MyD patients, insulin sensitivity was preserved,
and an increased early secretory response to oral glucose was detected. Abnormal plasma pro-
insulin levels in the fasting state, during the clamp, and during the OGTT were shown to be
secretory dysfunctions peculiar of MyD patients and may be more important than insulin resis-
tance in determining the high risk to develop diabetes in these patients.
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M yotonic dystrophy (MyD) is a
multisystemic, autosomal domi-
nant disorder associated with pro-

gressive muscle wasting and weakness
(1). The onset of symptoms occurs in the
second and third decades of life, and it is
the most common adult form of muscular
dystrophy with an estimated prevalence
of 1 in 8,000 (1). It is caused by heterozy-
gosity for a trinucleotide repeat expansion
mutation in the 3�-untranslated region of
a protein kinase gene (DM kinase) located
on the q13.3 band of chromosome 19 (2).
Insulin resistance and hyperinsulinemia
are considered severe metabolic abnor-
malities (3–7) also able to induce type 2
diabetes. In MyD, the CTG repeat is tran-
scribed (mRNA) but not translated (pro-
tein), and a generalized disruption of
RNA metabolism mediated by accumula-
tion of abnormal RNA might cause the
clinical syndrome (8). In particular it was
observed that skeletal muscle of patients
with MyD had reduced insulin receptor
RNA and protein expression, and recently
it was suggested that an alternative splic-
ing of the insulin receptor premRNA is
aberrantly regulated in MyD skeletal mus-
cle (9). These abnormalities may repre-
sent a possible molecular mechanism
responsible for insulin resistance (10).
The aim of this study was to characterize
the early defects of glucose/insulin ho-
meostasis associated with MyD. We as-
sessed body composition, insulin action,
and insulin secretion in 10 young, nondi-
abetic patients with MyD using the insu-
lin clamp and the oral glucose tolerance
test (OGTT). We also compared them
with healthy subjects carefully matched
for anthropometric parameters with no
family history of diabetes (control sub-
jects) or with a first-degree relative with
type 2 diabetes (offspring of diabetic par-
ents [OFF]) to establish whether the
possible alterations of glucose/insulin me-
tabolism were peculiar of MyD patients or
were common to the classical form of type
2 diabetes. An additional group of eight
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patients with type 2 diabetes at the onset
of the disease were studied with the OGTT.

RESEARCH DESIGN AND
METHODS

Subjects
Ten patients with classical adult-onset
MyD were recruited in the Division of
Neurology of the Istituto Scientifico H
San Raffaele, and matched healthy volun-
teers served as control subjects. All con-
trol subjects were in good health as
assessed by medical history, physical ex-
amination, hematological, and urinanaly-
sis; subjects did (n � 10) or did not (n �
10) have family history of diabetes, obe-
sity, and hypertension traced through
their grandparents and had a sedentary
lifestyle. MyD patients were selected and
carefully matched with healthy subjects
for anthropometric parameters to avoid a
confounding effect of obesity (11). The
clinical and laboratory characteristics of
the three groups of subjects are summa-
rized in Table 1. Informed consent was
obtained from all subjects after explana-
tion of purposes, nature, and potential
risks of the study. The protocol was ap-
proved by the Ethical Committee of the
Istituto Scientifico H San Raffaele.

Experimental protocol
Subjects were instructed to consume an
isocaloric diet (�250 g of carbohydrate/
day) and to abstain from exercise activity
for 3 weeks before the studies. Women
were studied between days 3 and 10 of the
menstrual cycle. They were studied to as-
sess whole body insulin sensitivity and
endogenous glucose production after a
10-h overnight fast period and during the
euglycemic-hyperinsulinemic clamp. The
day after, they also underwent an OGTT
performed following the American Diabe-
tes Associations recommendations (12).
Within 2 to 3 days, they were also studied
by means of dual energy X-ray absorption
(DEXA) to assess body composition.
DEXA was performed in the Department
of Science, Nutrition and Microbiology,
Nutrition Section, Università degli Studi
di Milano.
Euglycemic-hyperinsulinemic clamp.
Subjects were admitted to the Metabolic
Unit of the Division of Internal Medicine
of the Istituto Scientifico H San Raffaele at
7:00 A.M. after a 10-h period overnight
fast. A Teflon catheter was inserted into an
antecubital vein for infusions, and an ad-
ditional one was inserted retrogradely
into a wrist vein for blood sampling. The
hand was kept in a heated box (50°C)
throughout the experiment to allow sam-
pling of arterialized venous blood. A bo-

lus of [6,6-2H2]glucose (5 mg/kg body
wt) followed by a continuous infusion
(0.05 mg � kg body wt�1 � min�1) ob-
tained from massTrace (Woburn, MA)
was administered. Blood samples for
postabsorptive plasma glucose, insulin,
C-peptide, total proinsulin immunoreac-
tivity (PIM), intact proinsulin, and gluca-
gon were performed in duplicate in the
postabsorptive condition. After a 150-
min tracer equilibration period, a eugly-
cemic/hyperinsulinemic clamp was
performed as previously described (12).
Insulin was infused at 40 mU/[m2 � min]
to reach a plasma insulin concentration of
350 – 400 pmol/l, and plasma glucose
concentration was kept at �5 mmol/l for
an additional 150 min by means of a vari-
able infusion of 20% dextrose infusion.
Blood samples for plasma hormones, sub-
strates, and tracer enrichment were drawn
every 15 min throughout the study.
Indirect calorimetry. Indirect calorime-
try was performed continuously for 45
min during the equilibration period and
at the end of the clamp as previously de-
scribed (13).
Oral glucose tolerance test. The OGTT
was performed at 8:00 A.M. the day after
the insulin clamp following the American
Diabetes Association recommendations
(12). A Teflon catheter was inserted into
an antecubital vein for blood sampling,
and samples were obtained for glucose,
insulin, C-peptide, PIM, and intact proin-
sulin in the basal period and after the oral
glucose load (75 g) at 30-min intervals for
180 min.
Body composition. DEXA was per-
formed with a Lunar-DPX-IQ scanner
(Lunar, Madison, WI) as previously de-
scribed (14).

Assessment of insulin sensitivity and
insulin secretory profile during
OGTT in patients with recent onset
type 2 diabetes
To compare the alterations of glucose/
insulin metabolism of MyD patients dur-
ing the OGTT with those typical of early
stages of type 2 diabetes, eight individuals
with fasting plasma glucose �6.1 mmol/l
(HbA1c, 7.6%), in which the performance
of the OGTT demonstrated the onset of
diabetes according to the American Dia-
betes Association recommendations,
were included for deconvolution of
OGTT data.

Table 1—Anthropometric parameters and body composition of study groups

MyD OFF Control subjects Diabetic subjects

Patients (n, females/males) 8 F/2 M 8 F/2 M 8 F/2 M 5 F/3 M
Age (year) 38 � 4 32 � 2 33 � 4 53 � 3†
Body weight (kg) 60 � 4 64 � 5 67 � 3 81 � 4
Height (cm) 165 � 3 171 � 5 173 � 2 170 � 7
BMI (kg/m2) 22.3 � 1.4 21.9 � 1.8 22.4 � 1.2 27.1 � 1.1†
Waist-to-hip ratio 0.77 � 0.01 0.72 � 0.04 0.73 � 0.03 0.97 � 0.04†
Ideal body weight (%) 104 � 4 103 � 5 104 � 3 134 � 12†
Body fat mass (kg) 22.1 � 2.8 16.0 � 3.1 17.4 � 2.4 ND
Body fat (%) 34.1 � 3.3* 26.0 � 2.9 25.9 � 2.6 ND
Arms fat content (%) 31.4 � 3.4* 22.5 � 4.1 21.9 � 3.4 ND
Trunk fat content (%) 33.5 � 3.2* 19.9 � 4.1 21.3 � 3.4 ND
Legs fat content (%) 38.0 � 2.2 32.8 � 3.2 32.1 � 2.8 ND
LBM (kg) 35.6 � 2.7† 45.7 � 3.3 46.9 � 3.0 ND
Physical activity index‡ 10.2 � 0.9 9.0 � 0.5 8.9 � 1.4 8.5 � 0.9

Data are means � SEM. ND, not determined. *P 	 0.05 vs. OFF and control subjects. †P 	 0.02 vs. OFF
and control subjects. ‡The range of possible scores for the physical activity index is 3–15; the lowest value
corresponds to the level of physical activity of a clerical worker who plays a light sport (energy expended is
	0.76 MJ/h; e.g., bowling) and who participates in sedentary activities during leisure time. The highest value
corresponds to the level of physical activity of a person who is very physically active at work (e.g., a
construction worker), who plays heavy sports (energy expended is at least 1.76 MJ/h; e.g., boxing, basketball,
football, or rugby), and who is very physically active during leisure time (e.g., walking �1 h/day or biking
�45 min/day).
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Analytical procedures
Plasma glucose was measured with a
Beckman glucose analyzer (13,14).
Plasma insulin was measured with a mi-
croparticle enzyme immunoassay tech-
nology (14) (coefficients of variation
[CVs], intra-assay � 4.6%; interassay �
5.4%) (IMx Insulin assay; Abbott Labora-
tories, Rome, Italy) previously tested for
no cross-reactions (15) with proinsulin,
C-peptide, and glucagon. C-peptide was
measured with a radioimmunoassay us-
ing a double-antibody (14) (CVs, intra-
assay � 2.3%; interassay � 4.1%). Total
PIM was measured by means of highly
specific two-site monoclonal antibody-
based immunosorbent assay (ELISA;
Dako Diagnostics, Cambridgeshire, UK)
(14). Intact proinsulin was measured by
ELISA with a similar methodological
set-up but different antibodies as previ-
ously described (ELISA; Dako Diagnos-
tics) (14) (CVs, intra-assay � 4.5%;
interassay � 6.8%). Plasma glucagon
concentration was assessed as previously
described (13) (CVs, intra-assay � 5.5%;
interassay � 7.9%). The titer of immuno-
logic markers of type 1 diabetes such as
antibodies anti-GAD, -ICA, and -IA2 were
measured as previously described (16).
The D2-glucose enrichment was measured
by gas chromatography–mass spectrome-
try as previously described (17). Expan-
sion size in MyD patients was assessed on
DNA extracted from peripheral blood
samples as previously described (2). All
patients had expansion size �150 triplets
(min, 150; max, 1,000) for an average of
524 � 149 triplets.

Calculations
Clamp studies. Glucose kinetic was cal-
culated using Steele’s equations for the
nonsteady state (18). Endogenous glu-
cose production was calculated by sub-
tracting the glucose infusion rate from the
rate of glucose appearance measured with
the isotope tracer technique. Total body
glucose uptake was determined during
the clamp by adding the rate of residual
endogenous glucose production to the ex-
ogenous glucose infusion rate. Rates of
glucose oxidation were calculated from
the non-protein respiratory quotient us-
ing the tables of Lusk as previously de-
scribed (13,16). Nonoxidative glucose
disposal was calculated by subtracting the
glucose oxidation rate from the tissue glu-
cose disposal. Protein oxidation was esti-
mated from urinary nitrogen excretion
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(19). Quantitative insulin sensitivity
check index (QUICKI) was calculated as
previously described (20): QUICKI �
1/[log(I0) � log (G0)].
OGTT studies. To characterize the
�-cell function, we calculated an index, �
(
U/ml per mg/dl), reflecting posthepatic
insulin delivery rate. � was calculated as
the ratio between the area under the curve
(AUC) of incremental insulin concentra-
tion and AUC of incremental glucose con-
centration. The early insulin response,
�30, was calculated as the ratio between
the AUC of incremental insulin concen-
tration and AUC of incremental glucose
concentration during the first 30 min of
the oral glucose challenge as recently sug-
gested by Jensen et al. (21).

Statistical analysis
All data are presented as a mean � SEM.
AUC for glucose and hormones during
the OGTT were determined by the trape-
zoidal method. Comparisons between
groups were performed using one-way
ANOVA and Tukey’s post hoc tests. Anal-
ysis of the time course of glucose and hor-
mones was performed using the repeated
measures ANOVA and Tukey’s post hoc
tests. Relationships between variables
were assessed using the simple correla-
tion analysis.

RESULTS

Anthropometric parameters
Patients with MyD, OFF, and healthy
control subjects were carefully matched
for sex, age, body weight, height, BMI,
waist-to-hip ratio, ideal body weight, and
physical activity. Nevertheless, patients
with MyD were characterized by altered
body composition: they had a marked
reduction in lean body mass (LBM,
P 	 0.02; Table 1) and a slight increment
of the fat mass that altogether caused a
general increment of the percent body fat
component (P 	 0.05), particularly in the
arms and trunk (P 	 0.05; Table 1). The
eight individuals in whom type 2 diabetes
was diagnosed at the time the OGTT was
performed bore the typical anthropomet-
ric features of patients with type 2 diabe-
tes (Table 1).

Insulin clamp study
Postabsorptive plasma glucose concentra-
tion was reduced in MyD in comparison
with OFF and control subjects (Table 2;
P 	 0.02), and the endogenous glucose

production was accordingly, but not sig-
nificantly, reduced. Glucose disposal ex-
pressed per kilogram of LBM was
comparable in MyD and control subjects
(Table 2, P � 0.22), as both the glucose
oxidative and nonoxidative disposal were
similar in the two groups of study (Table
2). On the contrary, OFF proved to be
insulin resistant (P 	 0.05; Table 2) due
to a defect in the nonoxidative glucose
metabolism (P 	 0.05; Table 2). Accord-
ingly, the clamp-derived index of insulin
sensitivity [SIp(clamp)] was also not differ-
ent between MyD and control subjects
(P � 0.69) but impaired in OFF (P 	
0.05). Postabsorptive plasma insulin (Ta-
ble 2) and C-peptide (Table 2) levels were
similar in MyD, OFF, and control sub-
jects. However, plasma PIM (P 	 0.05)
and intact proinsulin (P 	 0.05) concen-
trations were increased in MyD in com-
parison with OFF and control subjects as
well as the intact proinsulin/insulin ratio
(23 � 5% vs. 8 � 1% and 10 � 2%,
respectively; P 	 0.01). During the insu-
lin clamp, plasma insulin similarly in-
creased in the study groups (Table 2).
Insulin-induced suppression of plasma
C-peptide (P 	 0.01), total PIM (0 � 13
vs. 28 � 11 and 32 � 8% in MyD, OFF,
and control subjects; P 	 0.01), and in-
tact proinsulin (0 � 9 vs. 27 � 5 and
26 � 6% in MyD, OFF, and control sub-
jects; P 	 0.01) concentrations in the last
hour of the clamp was impaired in MyD,
suggesting a defective feedback auto-
inhibition of insulin secretion. The insulin-
dependent suppression of plasma glucagon
concentration (Table 2) was not different
in MyD, OFF, and control subjects.

OGTT study
During the oral glucose challenge, the lev-
els of plasma glucose, insulin, and C-
peptide were not different in MyD in
comparison with OFF and control sub-
jects (Fig. 1). In addition, the index of the
insulin secretory response to the oral glu-
cose (�: 1.80 � 0.49, 2.13 � 0.79,
1.88 � 0.54 
U/ml per mg/dl; P � 0.91)
was also comparable in MyD, OFF, and
control subjects and decreased only in
type 2 diabetic subjects (0.50 � 0.14; P �
0.01). Conversely, the plasma levels of in-
tact proinsulin showed a disproportion-
ate increment in MyD patients in
comparison with OFF and control sub-
jects (AUCintact proinsulin) (Fig. 1). A more
careful observation of the hormones’ pro-
file during the OGTT suggested a differ-

ent early response to the oral glucose
challenge in MyD patients. In fact, the
AUCinsulin calculated during the first 30
min of the OGTT were significantly in-
creased in MyD in comparison with OFF
and control subjects (P 	 0.05; Fig. 2) as
well as the �30 (P 	 0.05; Fig. 2). The
C-peptide response during the first 30
min also showed a trend that increased in
MyD patients (P � 0.08; Fig. 2). Confirm-
ing the analysis of data performed in the
3-h interval of time, the analysis of the
first 30 min revealed a marked increment
of the PIM and intact proinsulin response
(Fig. 2; P 	 0.01).

Overview on insulin sensitivity
The fact that the fasting-derived index of
insulin sensitivity (QUICKI; Table 2) and
moreover the insulin clamp-derived indi-
ces of insulin sensitivity (glucose uptake,
oxidative and nonoxidative glucose dis-
posal, SIp(clamp), and the endogenous glu-
cose production as marker of hepatic
insulin sensitivity; Table 2) were not dif-
ferent than in control subjects supported
the conclusion that in MyD insulin sensi-
tivity was not impaired. This observation
is further supported by the relations be-
tween QUICKI and SIp(clamp)s (r � 0.70,
P 	 0.0004). Normal or close-to-normal
insulin sensitivity in MyD is further re-
flected by the comparison with OFF,
which as expected showed a typical im-
pairment of insulin action (11,14).

Overview on insulin secretion
The AUC for glucose, insulin, and C-
peptide during the OGTT and the OGTT-
derived index of insulin secretion, �,
were comparable in MyD, OFF, and con-
trol subjects. Nevertheless, two major se-
cretory dysfunctions characterized MyD
patients. First, both in the postabsorptive
state and after the OGTT, plasma levels of
PIM and intact proinsulin were consider-
ably increased in comparison with OFF
and control subjects. Second, MyD pa-
tients showed an exaggerated secretory
response during the first 30 min after oral
glucose administration. Comparison with
OFF demonstrated that these alterations
were typical of nondiabetic MyD patients
and were not a general feature of high-risk
individuals (Figs. 1 and 2). In addition,
because increased fasting proinsulin lev-
els were described in patients with type 2
diabetes, we also studied a subgroup of
eight individuals with diabetes at onset
and found that they were characterized by
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a similar alteration of the postabsorptive
plasma proinsulin levels, but during the
OGTT the proinsulin response was not
similar to that of MyD patients and was
considerably reduced.

CONCLUSIONS — The aim of the
present work was to identify early alter-
ations of insulin action and secretion in
patients with MyD and to define their
contribution in conferring a high risk to
de velop type 2 diabetes in these individ-
uals. MyD is the most common adult form
of muscular dystrophy in which a gener-
alized defect of RNA metabolism has been
proposed to be responsible of the clinical
manifestations of this disease. Therefore,
insulin resistance has been (8,9) claimed
as the major metabolic abnormality lead-
ing to the development of diabetes in
these individuals. This work demon-
strated that in young nondiabetic MyD
patients insulin resistance was not a dra-
matic metabolic abnormality and that a

major abnormality in these individuals
was represented by an alteration of insu-
lin metabolism inducing a considerable
increment of plasma proinsulin concen-
trations in the postabsorptive state, dur-
ing the insulin challenge (clamp), during
the oral glucose challenge (OGTT), and
finally by a remarkably higher-than-
normal early secretory response after the
OGTT. In addition, it was demonstrated
that these alterations were peculiar of
these high-risk individuals, and that they
were not detectable in the typical high-
risk population of first-degree relatives of
patients with type 2 diabetes.

Because MyD is characterized by pro-
gressive muscle wasting (1), we assessed
body composition in all subjects by
means of DEXA and demonstrated that
MyD patients were characterized by a
marked reduction of LBM with respect to
healthy subjects selected to be compara-
ble for anthropometric parameters. This
measurement allowed us to properly nor-

malize the parameters of insulin-
dependent metabolism, and we realized
that insulin resistance was not as dramatic
as expected in our MyD patients because
both insulin-stimulated oxidative and
nonoxidative glucose metabolism were
comparable with control subjects relative
to kilograms of LBM. Of other parameters
of insulin sensitivity, not derived from the
insulin clamp, QUICKI consistently sup-
ported the observation of an insulin sen-
sitivity not markedly different than that in
control subjects. We speculate that a
likely reason for this discrepancy with
previous works may be due to the fact
that, to our knowledge, this is the first
study in which the gold-standard tech-
nique to assess insulin sensitivity, the in-
sulin clamp, was performed in MyD
combined with the assessment of LBM. In
addition, the importance of an over-
weight or obese condition, in case-control
studies, may have been underscored in
the past.

Figure 1—The time course of glucose (A), insulin (B), C-peptide (C), and intact proinsulin (D) concentrations during the OGTT is summarized.
Summary of the AUC is also shown in the form of bar graphs besides graphical representation of the time course. The small window in D represents
the fasting proinsulin/insulin ratio. Black symbols indicate patients with MyD, gray symbols indicate offspring of type 2 diabetic parents, white
symbols represent healthy individuals. Statistical analysis was performed using the repeated measures ANOVA and Tukey’s post hoc tests. *P 	 0.05
vs. offspring of type 2 diabetic parents and healthy individuals.
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That insulin resistance in MyD pa-
tients is not so severe also became evident
when we realized that OFF were charac-
terized by a more striking impairment of
insulin sensitivity. Therefore, the high
prevalence of diabetes in MyD had to be
explained by some other alterations. The
possibility that diabetes might be associ-
ated to an immunological process involv-
ing the �-cell, similar to type 1 diabetes,
was tested measuring serum titer for anti-
bodies anti-ICA, -GAD, and -IA2. All pa-
tients were serum negative and with
normal levels of plasma C-peptide ex-
cluding that diabetes may have a patho-
genesis similar to that of type 1 diabetes.

Therefore, we looked for other mark-
ers of increased risk of developing diabe-
tes and found that in MyD patients
circulating levels of proinsulin increased
enough to reach a proinsulin/insulin ratio
more than twofold higher than in control
subjects, confirming a previous study that
demonstrated that the hyperinsulinemia
in MyD is due to a cross-reaction with
proinsulin (using less specific insulin as-
says) rather than a real increase of plasma
insulin concentration (22). We also dem-
onstrated a profound impairment of the
feedback auto-inhibition of insulin secre-
tion during the insulin clamp. In these
conditions exogenous insulin induces in-
hibition of the �-cell secretion, which is
reflected by a drop in plasma C-peptide
concentration (23). In this study, we

showed that the drop in C-peptide con-
centration is paralleled by the drop in
plasma PIM and intact proinsulin concen-
tration in control subjects, and that MyD
patients, on the other hand, failed to show
any change in the concentrations of these
peptides. In addition, we also tested
whether in a condition of stimulation of
insulin secretion, rather than inhibition,
the increment of these peptides was sim-
ilar to that of control subjects; in MyD
during the OGTT, the increment of
plasma insulin and C-peptide was com-
parable with that of control subjects,
meanwhile the increment of PIM and in-
tact proinsulin was disproportionately in-
creased. Because in patients with type 2
diabetes plasma proinsulin-like peptide
concentrations are considered to be in-
creased presumably due to a slower rate of
conversion or granules’ reduced time of
residence in the �-cell (24), we also con-
trolled these features in eight patients in
whom type 2 diabetes was recently diag-
nosed and found a similar alteration in the
postabsorptive state. To exclude that this
common alteration had the same patho-
genic event and to demonstrate that hy-
perproinsulinemia was a primary event in
MyD and a secondary event induced by
chronic hyperglycemia in type 2 diabetes,
we also tested the subgroup of first-degree
relatives of parents with type 2 diabetes.
We showed that in these high-risk indi-
viduals, the proinsulin levels were similar

to that of control subjects and consider-
ably lower in comparison with MyD in
either the postabsorptive state or the in-
sulin and oral glucose stimulated states.
Hyperproinsulinemia is an important fea-
ture because it was very recently shown to
predict the development of type 2 diabe-
tes over a 27-year period (25).

An additional secretory dysfunction
in MyD was observed. Even if a global
evaluation of the OGTT showed a similar
insulin secretory pattern, MyD patients
showed a different behavior in the early
phase after the oral glucose administra-
tion, reflected by increased parameters of
insulin secretion during the first 30 min of
the OGTT (Fig. 2). This is another pecu-
liar alteration of MyD because we failed to
observe this feature in OFF. In a condition
of a more severe impairment of glucose
homeostasis as the impaired glucose tol-
erance, an early reduction, rather than in-
crement, of insulin secretion after oral
glucose load was demonstrated using the
same parameters in U.S. citizens regard-
less of ethnicity (21), further suggesting
that the �-cell secretory profile in MyD is
truly different than the one characterizing
other high-risk individuals.

The MyD protein kinase is involved in
the modulation of the Ca2� homeostasis
in skeletal muscle cells (26), and Ca2�

homeostasis is crucial for �-cell secretion
events (27); if the alteration of calcium
metabolism of the skeletal muscle also af-
fects the �-cell, then the abnormal pattern
of insulin secretion may be related to a
malfunction of the MyD protein kinase.

Sometimes the mutation size has been
found to be associated with the severity of
clinical and metabolic alterations in MyD
patients (28), but we failed to observe a
relationship of the mutation size with the
abnormal levels of circulating proinsulin
or with �30 and the AUC for insulin dur-
ing the first 30 min of the OGTT in our
MyD patients. On the other hand, the lack
of relationship is not conclusive because it
is known that the expansion size may vary
from tissue to tissue (29); our determina-
tions were performed in peripheral blood
cells, meanwhile �-cell secretory alter-
ations take place in the islet of Langer-
hans. In addition, we must admit we are
not aware of any assessment of the expan-
sion size at the level of the �-cell.

In conclusion, in young and nondia-
betic MyD patients, insulin resistance was
not the major metabolic alteration associ-
ated with high risk to develop type 2 dia-

Figure 2—The AUCs of insulin (A), C-peptide (B), intact proinsulin (C) concentrations during
the first 30 min of the OGTT, and �30 (D) calculated in the same time interval are summarized.
Black bars indicate patients with myotonic dystrophy, gray bars indicate offspring of type 2
diabetic parents, white bars represent healthy individuals. Statistical analysis was performed
using one-way ANOVA and Tukey’s post hoc tests. *P 	 0.01 vs. offspring of type 2 diabetic
parents and healthy individuals; †P 	 0.05 vs. healthy individuals; °P 	 0.05 vs. offspring of type
2 diabetic parents and healthy individuals.
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betes. Abnormalities of insulin secretion
represented by increased plasma proinsu-
lin concentrations and a remarkably high-
er-than-normal early secretory response
after the OGTT are most likely major
causes of the increased predisposition to
develop diabetes in these individuals.

Acknowledgments— The financial support
of Telethon-Italy (1032C) is gratefully ac-
knowledged. We wish to thank Antonella
Scollo, RN, of the Metabolic Unit of the Istituto
Scientifico H San Raffaele for nursing assis-
tance and Dr. Maurizio Ferrari and Dr. Paola
Carrera of the Laboratory of Clinical Molecular
Biology of the Istituto Scientifico H San Raf-
faele for the assessment of the mutation size in
peripheral blood cells.

References
1. Harper PS: Myology. Engel AG, Banker

BQ, Eds. New York, McGraw-Hill, 1986,
p. 1267–1311

2. Harley HG, Brook JO, Rundle SA, Crow S,
Reardon W, Buckler AJ, Harper PS, Hous-
man DE, Shaw DJ: Expansion of an unsta-
ble DNA region and phenotypic variation
in myotonic dystrophy. Nature 355:545–
546, 1992

3. Gorden P, Griggs RC, Nissley SP, Roth J,
Engel WK: Studies of plasma insulin in
myotonic dystrophy. J Clin Endocrinol
Metab 29:684–690, 1969

4. Huff TA, Horon S, Lebovitz HE: Abnor-
mal insulin secretion in myotonic dystro-
phy. N Engl J Med 277:837–841, 1967

5. Walsh JC, Turtle JR, Miller JR, McLeod
JG: Abnormalities of insulin secretion in
dystrophia myotonica. Brain 93:731–742,
1970

6. Tevaarwerk GJM, Strickland KP, Lin CH,
Hudson AJ: Studies of insulin resistance
and insulin receptor binding in myotonia
dystrophica. J Clin Endocrinol Metab 49:
216–222, 1979

7. Moxley III RT, Griggs RC, Goldblat D:
Muscle insulin resistance in myotonic
dystrophy: effect of supraphysiologic in-
sulinization. Neurology 30:1077–1083,
1980

8. Morrone A, Pegoraro E, Angelini C, Zam-
marchi E, Marconi G, Hoffman EP: RNA
metabolism in myotonic dystrophy: pa-
tient muscle shows decreased insulin re-
ceptor RNA and protein consistent with

abnormal insulin resistance. J Clin Invest
99:1691–1698, 1997

9. Savkur RS, Philips AV, Cooper TA: Aber-
rant regulation of insulin receptor alterna-
tive splicing is associated with insulin
resistance in myotonic dystrophy. Nat
Genet 29:40–47, 2001

10. Wang J, Pegoraro E, Menegazzo E,
Gennarelli M, Hoop RC, Angelini C, Hoff-
man EP: Myotonic dystrophy: evidence
for a dominant-negative RNA mutation.
Hum Mol Genet 4:599–606, 1995

11. Perseghin G, Ghosh S, Gerow K, Shulman
GI: Metabolic defects in lean nondiabetic
offspring of NIDDM parents: a cross-sec-
tional study. Diabetes 46:1001–1009, 1997

12. National Diabetes Data Group: Classifica-
tion and diagnosis of diabetes mellitus
and other categories of glucose intoler-
ance. Diabetes 28:1039–1057, 1979

13. Perseghin G, Regalia E, Battezzati A, Ver-
gani S, Pulvirenti A, Terruzzi I, Baratti D,
Bozzetti F, Mazzaferro V, Luzi L: Regula-
tion of glucose homeostasis in humans
with denervated livers. J Clin Invest 100:
931–941, 1997

14. Perseghin G, Scifo P, De Cobelli F, Pa-
gliato E, Battezzati A, Arcelloni C, Van-
zulli A, Testolin G, Pozza G, Del Maschio
A, Luzi L: Intramyocellular triglyceride
content is a determinant of in vivo insulin
resistance in humans: a 1H-13C NMR
spectroscopy assessment in offspring of
type2diabeticparents.Diabetes48:1600–
1606, 1999

15. Monti LD, Sandoli EP, Phan VC, Piatti
PM, Costa S, Secchi A, Pozza G: A sensi-
tive and reliable method for assaying true
human insulin without interaction with
human proinsulin-like molecules. Acta
Diabetol 32:57–63, 1995

16. Perseghin G, Mazzaferro V, Piceni Sereni
L, Regalia E, Benedini S, Bazzigaluppi E,
Pulvirenti A, Antonio Silva Leão A, Calori
G, Romito R, Baratti D, Luzi L: Contribu-
tion of reduced insulin sensitivity and
secretion to the pathogenesis of hepatog-
enous diabetes: effect of liver transplanta-
tion. Hepatology 31:694–703, 2000

17. Battezzati A, Simonson DC, Luzi L, Mat-
thews DE: Glucagon increases glutamine
uptake without affecting glutamine re-
lease in humans. Metabolism 47:713–723,
1998

18. Steele R: Influence of glucose loading and
of injected insulin on hepatic glucose out-
put. Ann N Y Acad Sci 82:420–431, 1959

19. Hawk PD: Kjeldhal method. In Practical

Physiological Chemistry. 12th ed. Blakis-
ton, Toronto, 1947, p. 814–822

20. Perseghin G, Caumo A, Caloni M, Testo-
lin G, Luzi L: Incorporation of the fasting
plasma FFA concentration into QUICKI
improves its association with insulin sen-
sitivity in nonobese individuals. J Clin En-
docrinol Metab 86:4776–4781, 2001

21. Jensen CC, Cnop M, Hull RL, Fujimoto
WY, Kahn SE, and the American Diabetes
Association GENNID Study Group: �-cell
function is a major contributor to oral glu-
cose tolerance in high-risk relatives of
four ethnic groups in the U.S. Diabetes
51:2170–2178, 2002

22. Krentz AJ, Clark PM, Cox L, Williams AC,
Nattrass M: Hyperproinsulinemia in pa-
tients with myotonic dystrophy. Diabeto-
logia 35:1170–1172, 1992

23. Luzi L, Battezzati A, Perseghin G, Bianchi
E, Secchi A, La Rocca E, Ferrari G, Stau-
dacher D, Di Carlo V, Pozza G: Feedback
inhibition of insulin secretion is mediated
by neural control in humans. Diabetes 41:
1632–1639, 1992

24. Kahn SE, Halban PA: Release of incom-
pletely processed proinsulin is the cause
of the disproportionate proinsulinemia of
NIDDM. Diabetes 46:1725–1732, 1997

25. Zethelius B, Byberg L, Hales CN, Lithell
H, Berne C: Proinsulin and acute insulin
response independently predict type 2 di-
abetes mellitus in men: report from 27
years of follow-up study. Diabetologia 46:
20–26, 2003

26. Benders AAGM, Groenen PJTA, Oerle-
mans FTJJ, Veerkamp JH, Wieringa B:
Myotonic dystrophy protein kinase is in-
volved in the modulation of the Ca�� ho-
meostasis in skeletal muscle cells. J Clin
Invest 100:1440–1447, 1997

27. Bertuzzi F, Davalli AM, Nano R, Socci C,
Codazzi F, Fesce R, Di Carlo V, Pozza G,
Grohovaz F: Mechanisms of coordination
of Ca�� signals in pancreatic islet cells.
Diabetes 48:1971–1978, 1999

28. Annane D, Duboc D, Mazoyer B, Merlet P,
Fiorelli M, Eymard B, Radvanyi H, Junien
C, Fardeau M, Gajdos P, Guerin F, Syrota
A: Correlation between decreased myo-
cardial glucose phosphorylation and the
DNA mutation size in myotonic dystro-
phy. Circulation 90:2629–2634, 1994

29. Novelli G, Gennarelli M, Menegazzo E,
Angelini C, Dallapiccola B: Discordant
clinical outcome in myotonic dystrophy
relatives showing (CTG)n � 700 repeats.
Neuromusc Disord 5:157–159, 1995

Type 2 diabetes and myotonic dystrophy

2118 DIABETES CARE, VOLUME 26, NUMBER 7, JULY 2003

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/26/7/2112/655832/dc0703002112.pdf by guest on 10 April 2024


