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Although mutations in the proinsulin gene (INS) are the second most common cause of neonatal diabetes
mellitus, the natural history of b-cell death and the most appropriate treatments remains unknown. We
describe themanagement and outcome of two sisters with INS-mediated diabetes (S1 and S2) and suggest
thatmore intensive insulin treatment of S2mayhave resulted in better clinical outcomes. S1wasdiagnosed
with diabetes after presenting with serum glucose of 404 mg/dL (22.4 mmol/L) and started multiple daily
insulin injections at age 4 months, followed by continuous subcutaneous insulin infusion (CSII) at age
42 months. S1 had positive genetic testing at age 4 months for the GlyB8Ser or Gly32Ser mutation in
proinsulin. S2 had positive research-based genetic testing, age 1 month, before she had consistently el-
evated blood glucose levels. Continuous glucose monitoring revealed abnormal excursions to 200 mg/dL.
Low-dose insulin therapy was initiated at age 2.5 months via CSII. At age-matched time points, S2 had
higher C-peptide levels, lower hemoglobin A1c values, and lower estimated doses of insulin as compared
with S1. Earlier, more intensive insulin treatment was associated with higher C-peptide levels, decreased
insulin dosing, and improved glycemic control. Initiating exogenous insulin before overt hyperglycemia and
maintaining intensive insulinmanagementmay reduce the demand for endogenous insulin production and
may preserve b-cell function. Studies accumulating data on greater numbers of participants will be es-
sential to determine whether these associations are consistent for all INS gene mutations.
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Neonatal diabetes mellitus (NDM) is a group of heterogeneous conditions characterized by
permanent or transient hyperglycemia diagnosed within the first 6 months of life [1]. Single-
gene mutations are most often the cause of NDM, as in the case of KCNJ11-, ABCC8-, and
INS-related diabetes. Mutations in the INS gene are the second leading cause of NDM [2] and
are clinically similar to type 1 diabetes. Those affected presentwith persistent hyperglycemia,
need exogenous insulin therapy, and are typically pancreatic islet autoantibody negative.
Maintaining adequate glycemic control in people with diabetes is critical to lessening risk for
diabetes-related complications [3], but uncertainty remains about the most appropriate
approach to insulin replacement therapy in those with mutations in the INS gene. Here we
describe two siblings in a family with four generations of INS-mediated neonatal diabetes,
present the differing treatment approaches, and compare the resulting courses of care.

Abbreviations: AGA, appropriate for gestational age; CSII, continuous subcutaneous insulin infusion; DKA, diabetic ketoacidosis; ER,
endoplasmic reticulum; F1, father of sister 1 and sister 2; HbA1c, hemoglobin A1c; NDM, neonatal diabetes mellitus; PGM1, paternal
grandmother of sister 1 and sister 2; S1, sister 1; S2, sister 2; TDD, total daily dose.
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1. Methods

We present a family with four linear generations of INS-mediated neonatal diabetes. Using
standard clinical assays [C-peptide, hemoglobin A1c (HbA1c), total daily insulin dose, con-
tinuous glucose monitoring], we explored the management and clinical outcomes of two
sisters in the youngest generation, S1 and S2. This family consented to participate in the
University of Chicago Monogenic Diabetes Registry. The University of Chicago Institutional
Review Board has approved this study.

A. Total Daily Dose Calculations

Continuous subcutaneous insulin infusion (CSII) downloads were available for S1 from age
44months onward and for S2 from 2.5months onward.When available, total daily units from
CSII downloads were used in age-matched comparisons (Table 1). Before CSII initiation, S1
was on once-daily long-acting insulin (detemir) from age 4 months to 13 months and long-
acting plus rapid-acting insulin from13months to 44months.While shewas onmultiple daily
injections, estimations weremade for total daily dose (TDD) calculations if the exact dose was
not noted in S1’s medical record. For example, detemir 4 U in the morning and 3 U in the
evenings, plus lispro with meals (without specific dosing) would be estimated as (total basal
units 3 2), so an estimated 14 total units daily. Multiple regimens were noted in each age
range (Table 1), and therefore TDDwas averaged across all regimens noted in each age range

Table 1. Age-Matched Comparisons of Average HbA1c (%), Insulin TDD (U/kg/d), and Proinsulin for S1
and S2 From Birth to 5 years

Age, mo

0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 42 42 to 48 48 to 54 54 to 60

S1
HbA1c, %

(mmol/mol)
9.8a (84) 7.8 (62) 8.0 (64) 8.6 (70) 8.9 (74) 8.5 (69) 9.2 (77) 8.7 (72) 8.2 (72) 9.9 (85)

Insulin total
daily dose,
U/kg/d

0.29b 0.37b,c 0.57c 0.61c 0.85c 0.93c 0.79c 0.69 0.69 0.78

C-peptide,
pmol/mL
(reference
0.3 to 2.35)

0.5 0.86 0.26 0.07 0.11 0.13

Proinsulin,
pmol/L
(reference
3 to 20)

5.1 1.3 1.0

S2
HbA1c, %

(mmol/mol)
4.5a (26) 5.7 (39) 5.6 (38) 6.1 (43) 5.6 (38) 6.3 (45) 6.6 (49) 6.8 (51) 6.7 (50) 7.6 (60)

Insulin total
daily dose,
U/kg/d

0.06 0.04 0.06 0.11 0.11 0.10 0.16 0.19 0.2 0.2

C-peptide,
pmol/mL
(reference
0.3 to 2.35)

0.71 0.34 0.74 0.65

Proinsulin,
pmol/L
(reference
3 to 20)

7.7 5.7 8.4 5.8

aHbA1c values ,6 months are underestimated due to fetal hemoglobin. All HbA1c values reported to one decimal
place.
bS1 was on only long-acting insulin from diagnosis (4 months) to ~10 months of age.
cEstimated TDD (see Methods for details).
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(e.g., used 1.01 U/kg/d at 30.8 months of age and 0.84 U/kg/d at 34.2 months of age; average =
0.93 U/kg/d).

2. Results and Case Report

Multiple generations were diagnosed with diabetes early in life (Fig. 1A). Linkage analysis
followed by Sanger sequencing revealed p.Gly32Ser heterozygous mutations in the INS gene
in several family members, and the family has been previously described [4].

The paternal grandmother of S1 and S2 (PGM1) was diagnosed with diabetes at 2 months
of age and treated with insulin. The current daily dose of insulin for PGM1 is 0.85 U/kg/d. The
father of S1 and S2 (F1) was diagnosed with diabetes at 1 year of age and treated with insulin.
The current daily dose of insulin for F1 is 1.09 U/kg/d.

S1 was born full term [37 weeks’ gestational age, 2764 g, 44th percentile, appropriate for
gestational age (AGA), 50.8 cm] after an uncomplicated pregnancy and delivery. Theirmother
did experience hyperglycemia during a pregnancywith a different partner, but hyperglycemia
was not noted for the pregnancy of S1 or her sister S2. Blood glucose values on the day of birth
were normal.

Intermittent mild hyperglycemia was detected by caregivers on a home glucometer from
age 1 month to age 4 months. Long-acting insulin was initiated at 4 months, 11 days of age
after S1 presented with serum glucose of 404mg/dL (22.4 mmol/L). Genetic testing for S1 was
performed at 4 months of age via Sanger sequencing and confirmed the same heterozygous
mutation found in various other family members. Diluted fast-acting insulin was added at
13 months of age, and U100 fast-acting insulin was in use by 21 months of age. Glycemic
control was consistently suboptimal, and she transitioned to continuous subcutaneous insulin
infusion therapy at age 44 months. S1’s growth was stable, with her height from age 2 to
5 years trending between the 30th and 50th percentile, weight between the 40th and 60th
percentile, and body mass index between the 50th and 80th percentile for age [5].

Four years after the birth of S1, S2was born full term [37weeks’ gestational age, 3120 g, 73rd
percentile, AGA, 50.8 cm] after an uncomplicated pregnancy and delivery. Blood glucose values
on the day of birth were normal. Genetic testing was performed at 1 month of age via Sanger
sequencing, which confirmed the same heterozygous mutation present in S1 and other family
members. Although shewas asymptomatic, a continuous glucosemonitorwas placed for 7 days,
which revealedabnormalglucose excursions to$140mg/dL (7.8mmol/L), includingone.200mg/dL
(11.1mmol/L) (Fig. 1B). Low-dose exogenous insulin therapywas initiatedat 2.5months of age in the
hopes of preservingb-cell function (CSII, basal rate of 0.025U/h from 08:30 to 21:00, with no basal
insulin overnight). Like S1’s, S2’s growth was stable, with her height from age 2 to 5 years
trending between the 30th and 50th percentile, weight between the 20th and 50th percentile,
and body mass index between the 25th and 60th percentile for age [5].

Age-matched average daily doses of insulin (U/kg/d), averageHbA1c values, and proinsulin
levels are displayed in Table 1. Age-matched C-peptide values and serial HbA1c values are
displayed in Fig. 2. S2 has consistently held lower HbA1c values, needed lower TDD, and had
higher C-peptide and proinsulin production at all age-matched time points comparedwith S1.
Glycemic variability is shown via blood glucose meter downloads from S1 and S2 in Fig. 3.

3. Discussion

Presentation of patients with INS mutations is variable, including variable age at onset,
variable phenotypes consistent with permanent neonatal diabetes mellitus, as in this case, or
transient neonatal diabetes mellitus (TNDM) or maturity onset diabetes of the young. Pa-
tients may present with heterozygous, homozygous, or compound heterozygous genotypes.
Figure 1A shows varying ages of diagnosis during infancy for the same INS gene mutation in
this family (all were diagnosed between 1 and 12 months of age). Ranges of diagnosis age in
INS gene mutations have been discussed previously [2, 4], suggesting that other factors may
modify diagnosis age. More functional data are needed to explain this variability.
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INS mutations lead to abnormal sequences in preproinsulin, which may impair pro-
hormone convertase cleavage sites, disulfide bond formation, premature termination, or
abnormal folding. Thesemisfolded proteins are retained in the endoplasmic reticulum (ER) of
the b-cell, inhibiting normal function and probably leading to b-cell death via the unfolded

Figure 1. (A) Pedigree. Squares represent males, circles represent females. Black circles and
squares indicate neonatal diabetes with diagnosis age and genotype noted underneath. Half
black half white circles and squares indicate diabetes that is not consistent with neonatal
diabetes. Diagonal slashes through squares or circles indicate deceased subjects. Diagonal
slash through the branch indicates divorced partners. Dx, diagnosis; WT, wildtype. (B) Initial
continuous glucose monitor data for S2 from Medtronic iPro 2.0A.
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protein response through ER stress [6, 7]. Providing exogenous insulin therapy early
probably reduces the demand for endogenous insulin production, thereby decreasing the
amount of misfolded proinsulin that is produced and retained in the ER. This effect may
allow a decrease in b-cell death and preservation of some amount of endogenous insulin
production and overall b-cell function [8]. Preserved b-cell function, such as during the
“honeymoon period,”may provide some clinical benefits. Another example includes patients
with renewed b-cell function (measured as C-peptide) after islet cell transplantation, who
experience improved glucose counterregulation, less frequent hypoglycemia unawareness,
improved insulin sensitivity, and improved glycosylated hemoglobin values [9]. The data
detailed in this report suggest that earlier insulin treatment of S2 may have contributed to
increased C-peptide levels, decreased insulin dosing, and improved glycemic control as
compared with S1.

The frequent eating patterns of infants, need for small insulin doses, and decreased in-
jection burden on caregivers indicate CSII as the preferred method of insulin delivery. Al-
though it has been shown to reduce hypoglycemia and overall insulin requirement in pediatric
patients with diabetes [10], initiating CSII therapy at a very young age can be challenging for
many reasons [11]. Potential barriers include difficulty in keeping CSII pods or infusion sets
on an active infant and obtaining insurance approval for needed supplies. However, this case
shows that it is possible to initiate pump therapy quickly and effectively with infants as young
as 2 months of age.

Infants are unable to verbally communicate with care providers, which can delay a di-
agnosis of new-onset diabetes. This delay increases the risk of diabetic ketoacidosis (DKA),
which has been associated with morbidity in infants [12]. Previous research has shown that
early detection of diabetes in children allowed a milder onset with lower risk of diagnosis
hospitalization and DKA [13]. For families with known history of neonatal diabetes, per-
forming predictive genetic testing at birth helps predict the clinical course and probably
lessens the risk for development of DKA.

Figure 2. C-peptide (bars) and HbA1c (lines) values for first 5 years of life for sisters S1
(blue) and S2 (red). *HbA1c values ,6 months are underestimated due to fetal hemoglobin.
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Performing genetic testing allows targeted therapy in NDM genes such as sulfonylurea-
responsive KCNJ11 and ABCC8 [14]. Although people with INS gene mutations are likely to
remain insulin dependent, the current study suggests that early administration of insulin
may lead to preserved b-cell function, decreased insulin dose, and improved glycemic control,
potentially lessening the risk for diabetes-related complications later in life.

There are limitations to this study. Although S1 and S2 are sisters and were raised in the
same environment, we acknowledge that factors other than earlier initiation and better
adherence to her insulin regimenmay have contributed to improved glycemic control in S2. It
is possible that the family was more proficient at diabetes care by the time S2 was diagnosed,
because difficulties with optimal diabetes management could lead tomore pronounced effects
on the b-cells, such as glucotoxicity. It is also possible that the insulin needs of each sister
simply may have been different, because we know that diabetes can be a heterogeneous
condition, even among related individuals. Other factors could include any number of genetic
differences that may have influenced the rate of b-cell death. Furthermore, because of her
multiple daily injection regimen, total daily doses were estimated for S1 from age 13 months
to 44months, potentially overestimating insulin usage during this time period.However, both
sisters were on CSII from ~3.5 to 5 years of age, so these time points may be more directly
comparable. Social barriers made it difficult for this family to adhere to this complicated
medication regimen.We acknowledge that these barriers may have contributed to variability
in glycemic control and insulin usage.

This unique family offers an opportunity to further investigate themost appropriate course
of care for people with diabetes caused by INS gene mutations. This report describes how

Figure 3. Age-matched comparison of blood glucose (BG) meter downloads between sisters
S1 (top) and S2 (bottom) at 4 years 11 months of age (CareLink software, Medtronic).
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predictive genetic testing and early insulin administration can lead to personalized therapy
and improved care quality for people with INS-NDM.
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