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Abstract German

Einleitung:

Der Verlust der Betazellfunktion bei Typ-1-Diabetes (T1DM) erhoht das Risiko fiir schwere
Hypoglykédmien. Eine gestorte Signaliibertragung zwischen Beta- und Alphazellen kann die
Glukagonantwort wihrend Hypoglykdmien beeintrichtigen. Ziel der Studie war es, den
Einfluss des C-Peptid-Status auf die Glukagonantwort und die daraus resultierende endogene
Glukoseproduktion (EGP) bei einer Hypoglykédmie in T1DM-Patient*innen zu untersuchen.
Material und Methoden:

Nach nichtlichem Fasten und intravendser Insulininfusion zur Normalisierung der
Plasmaglukose (PG), erhielten 10 C-Peptid-positive (C-pos) und 11 gematchte C-Peptid-
negative (C-neg) TI1DM-Patient*innen einen hyperinsulindmischen, stufenweise
hypoglykdmischen Clamp. Nach dem Steady-state (Baseline, Normoglykémie) durchliefen alle
Patient*innen PG-Plateaus von 100, 63, 45 und 70 mg/dl. Die Glukagonkonzentrationen
wurden mittels hochsensitiven Double-Sandwich-ELISA, die EGP mit einer stabilen Isotopen-
Tracermethode ermittelt.

Ergebnisse:

Die Gesamt-Glukagonkonzentrationen waren in beiden Gruppen signifikant niedriger als in
friiheren Studien. Beim ersten PG-Plateau (100 mg/dl, high Insulin) waren die Glukagonspiegel
supprimiert (C-pos: 3,3 + 2,1; C-neg: 0,7 = 0,8 pmol/l; Mittelwert £ SD). Wéhrend der
Hypoglykdmie zeigten C-pos bei den Plasmaglukose-Plateaus von 45 (C-pos: 9,9 + 9,6; C-neg:
2,9 £ 3,0 pmol/l; p = 0,010) und 70 mg/dl (C-pos: 13,9 £ 5,9; C-neg: 5,7 £ 4,8 pmol/l; p =
0,002) eine signifikant stirkere Glukagonantwort als C-neg Patient*innen. Die EGP war
ebenfalls bei C-pos Patient*innen bei beiden PG-Plateaus 45 (C-pos: 0,9 + 0,6; C-neg: 0,5 +
0,1 mg/kg/min; p = 0,037) und 70 mg/dl (C-pos: 2,1 £ 0,6; C-neg: 1,3 + 0,7 mg/kg/min; p =
0,013) signifikant hoher.

Schlussfolgerung:

Unsere Ergebnisse zeigen, dass beide Gruppen, wihrend der normoglykdmsichen Phase im
Clamp, eine insulinabhidngige Suppression der Glukagonspiegel hatten. Unter Hypoglykdmie
reagierten C-pos mit einer stirkeren Glukagonantwort und einer héheren EGP als die C-neg
Patient*innen. Dies deutet darauf hin, dass die Alphazellen weiterhin auf Insulin und niedrige
Glukosespiegel anspricht und dass eine verbleibende Betazellfunktion die Gegenregulation bei

T1DM Patient*innen maligeblich unterstiitzt.
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Abstract English

Introduction:

Loss of beta-cell function in patients with type 1 diabetes mellitus (T1DM) is associated with
an increased risk of severe hypoglycaemia. The resulting disruption of intra-islet signaling may
lead to an insufficient glucagon response during hypoglycaemia. The aim of the study was to
determine the impact of C-peptide status on the glucagon response and, as a consequence, on
the endogenous glucose production (EGP) during hypoglycaemia in T1DM patients.

Material and Methods:

After normalisation of plasma glucose (PG) with an intravenously insulin infusion during an
overnight fast, 10 C-peptide positive (C-pos) and 11 matched C-peptide negative (C-neg)
T1DM patients underwent a hyperinsulinaemic, stepwise hypoglycaemic clamp. After steady-
state (baseline, normoglycaemia), all patients underwent PG plateaus of 100, 63, 45 and 70
mg/dl. Glucagon concentrations were measured with a highly-sensitive double-sandwich
ELISA. Endogenous glucose production (EGP) was assessed with a stable isotope tracer
technique during the clamp.

Results:

In both groups, overall glucagon concentrations were significantly lower than previously
reported. During the first PG plateau of 100 mg/dl, glucagon levels were suppressed in both
groups (C-pos: 3.3 £ 2.1; C-neg: 0.7 £ 0.8 pmol/l; mean £ SD) due to high insulin
concentrations. Hypoglycaemia triggered at PG plateau 45 mg/dl (C-pos: 9.9 +9.6; C-neg: 2.9
+ 3.0 pmol/I; p=0.010) and at 70 mg/dl (C-pos: 13.9 £5.9; C-neg: 5.7 = 4.8 pmol/l, p = 0.002)
a significantly greater glucagon response in C-pos compared to C-neg patients. EGP was
statistically significant higher at both PG plateaus 45 mg/dl (C-pos: 0.9 £ 0.6; C-neg: 0.5 £ 0.1
mg/kg/min, p = 0.037) and at 70 mg/dl (C-pos: 2.1 £ 0.6; C-neg: 1.3 = 0.7 mg/kg/min, p =
0.013) in C-pos compared to C-neg patients.

Conclusion:

Our results revealed that during euglycaemia phase of the clamp, both groups had an insulin-
dependent suppression of glucagon levels. Hypoglycaemia triggered a significantly more
pronounced glucagon response and consequently, a higher EGP in C-pos compared to C-neg
patients. This indicates that alpha-cells remain responsive to insulin and low glucose levels and
that remaining beta-cell function may play a substantially role in counterregulation in T1IDM

patients.
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1. Introduction

1.1. Type 1 Diabetes Mellitus

Type 1 diabetes mellitus (T1DM) is a chronic disease characterized by an immune-mediated
loss of Langerhans’ beta cells in the pancreas [1]. Progressive beta cell destruction leads to an
absolute insulin deficiency, which occurs either within a few months or over several years [1].
Worldwide, the number of newly diagnosed individuals with T1DM is increasing [2,3], as is
the number of patients dying from long-term consequences of this disease. Regular
administration of subcutaneous insulin is therefore mandatory and essential for survival.
However, insulin management is associated with a substantial risk of hypoglycaemia [2]. With
increasing duration of TIDM, the risk of severe hypoglycaemia, marked by significant
cognitive impairment, rises considerably and is critically linked to a substantially higher risk of

premature death [4,5].

1.1.1. Epidemiology

The incidence of TIDM is globally increasing by about 2-3% per year [3,6,7]. It
pathophysiology likely involves genetic, environmental, and immune factors [3,8]. More than
85% of T1DM cases are diagnosed under the age of 20 worldwide [9,10]. The incidence rate
increases from birth, peaks at puberty between 10 and 14 years old, and stabilizes in young
adulthood (between 15-29 years) [11]. However, TIDM can occur at all ages [12]. The
destruction of beta cells is often slower in adults compared to youth, resulting in a delay in the
need for insulin after diagnosis [13].

Although most common autoimmune diseases, such as systemic lupus erythematosus or
Sjogren’s disease, affect females more often than males, T1DM diagnoses are generally equally

divided between females and males [14].

Various studies have described a correlation between genetic predisposition and the
development of TIDM [15-21]. Specific HLA region genes (HLA-DQ, HLA-DR), which are
involved in the pathogenesis of the autoimmune disease process, have been found to be
associated with TIDM [15-17]. Classical twin studies have evaluated the impact of genetic

factors in T1DM, and a genetic effect can be assumed, as the concordance rate is higher for
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identical twins than for non-identical twins [22]. Despite this genetic predisposition, genetics
alone do not account for the development of T1DM, as nearly 90% of newly diagnosed T1DM

patients do not have a relative with diabetes [23].

Multiple trigger factors are associated with its development, as TIDM is a very heterogeneous
disease [24]. Environmental factors, such as a seasonal pattern with increased rates in late
autumn, winter, and early spring [25], as well as infant and adult diet, vitamin D deficiency,
and reduced gut microbiome diversity, have been associated with TIDM [24]. Early-life
exposure to infections with different viruses (e.g. enteroviruses) associated with islet
inflammation is also suspected to play a role in the development of TIDM [26]. Additionally,
reports of TIDM diagnoses are more common in countries with better public health systems

and a greater diabetes infrastructure [27-29].

1.1.2. Development and Diagnosis of TIDM

The development of TIDM is a highly complex process that start years before first symptoms
occur. This is supported by the fact, that typically, by the time of T1DM diagnosis, 40-70% of
beta-cell function has already been destroyed [30,31]. As observed in other autoimmune
diseases [32,33], specific autoantibodies are often detectable in TI1DM patients years before the
onset of symptoms [8,34]. Typical autoantibodies for T1DM are islet cell autoantibodies (ICA),
autoantibodies to glutamic acid decarboxylase (GADG65), insulin autoantibodies (IAA),
autoantibodies to tyrosine phosphatases IA-2 and IA-2b and autoantibodies to zinc transporter
8 (ZnT8) [1].

It has been shown that the risk of developing TIDM increases with the number of
autoantibodies present [35]. Specifically, 15 % of children with a single autoantibody will
develop T1DM during their lifetime, whereas the risk rises to 80% for children with two or

more autoantibodies, who are likely to progress to TIDM within the next 15 years [35].

The pathogenesis of TIDM development has been described as a continuum in which different
stages are passed through before the onset of symptoms (Figure 1) [36], leading to the following

diagnostic criteria:
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Stage 1 is defined as the presence of beta - cell autoantibodies (two or more islet autoantibodies)

AND normoglycaemia,

Stage 2 is defined by the presence of beta-cell autoantibodies (> 2) AND dysglycaemia, without
symptoms:

e Fasting plasma glucose (FPG) 100 - 125 mg/dl

e 2-hour plasma glucose (PG) 140 - 199mg/dl

e Hemoglobin Alc (HbAlc) 5.7-6.4% or > 10% increase in HbA1C

Stage 3 is defined by the presence of beta-cell autoantibodies (> 2) AND clinical symptoms and
signs of diabetes; typically leading to the clinical diagnosis of T1DM:

e FPG:> 126 mg/dl OR

e 2-hour PG: > 200 mg/dl OR

e HbAlc:>6.5% OR

e A random PG value: > 200 mg/dl

Stage 4 is defined as long standing T1DM.

Stage 1 Stage 2 Stage
100 9 g ge3
Diagnosis1 :  Diagnosis 2 Diagnosis3 !
Ll [ i
é :
= Partial
@ e '
i remission :
[==% H
= :
c '
2 !
B :
5 i
2 :
e — >
Time (vears)

Figure 1 Staging of Type 1 Diabetes.
Reproduced from [3] with permission from the publisher Elsevier.

To assess endogenous insulin secretion and to support diagnostic differentiations, particularly
between TIDM and type 2 Diabetes Mellitus (T2DM), the measurement of C-peptide
concentration is frequently used. C-peptide is a 31-amino acid molecule cleaved from the

precursor peptide proinsulin, making it a direct by-product of insulin biosynthesis. The
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concentration of C-peptide correlates directly with endogenous insulin levels, and is therefore
a useful marker for assessing endogenous insulin secretion.

In T1DM patients, C-peptide levels are typically reduced and progressively decline over the
course of the disease and become extremely low or undetectable [37,38]. Additionally, fasting
C-peptide measurement is a sensitive, well-accepted and clinically validated marker for

evaluating beta-cell function in T1DM patients in clinical studies [5,37,39].

1.1.3. Pathogenesis

The pathogenesis of the pancreatic beta-cell destruction in T1DM remains not fully understood,
but is believed to involve a complex interplay between beta-cells and both the innate and
acquired immune systems [8,40,41]. In genetically predisposed individuals, it is assumed that
an unknown trigger, likely involving one or more environmental factors, initiates an
autoimmune process over several years that leads to the development of TIDM [42].

It is hypothesized that in the early phase the immune system triggers an insulitis, an
inflammation of the pancreatic islets. Environmental factors such as viral infections may induce
cellular stress in beta-cells. Innate immune cells detect molecular signatures of stress or
infection through pattern recognition receptors. These receptors recognize either danger-
associated molecular patterns released by stressed or dying beta-cells, or pathogen-associated
molecular patterns derived from microbial pathogens such as viruses [42]. Recognition of these
signals activates innate immune pathways, generating a proinflammatory microenvironment
that facilitates subsequent activation of the adaptive immune response [42,43].

In response to these stimuli, beta-cells produce type 1 interferon, which triggers a
proinflammatory cascade. This includes the recruitment of macrophages, neutrophils, and
natural killer cells. Macrophages, as some of the first responders, secrete tumor necrosis factor,
which activates NF-kB signaling pathway in beta-cells, a mechanisms known to promote
apoptosis [42,44].

The inflammation in the pancreatic islets leads to increased vascular permeability, which
facilitates the infiltration of naive and non-islet-reactive T cells into the beta-cells. These T cells
can become activated within the islets, further amplifying the autoimmune response [45].
Histologically, these infiltrates are located within and around the pancreatic islets, characterized

by a predominance of CD8+ T lymphocytes and a lower presence of CD4+ T-cells [46].
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Proinflammatory cytokines are released by these immune cells impair beta-cell metabolic
function and viability [47].

As a counterregulatory response, beta-cells activate anti-inflammatory cytokines such as
interleukin (IL)-10 and IL-4/IL-13, along with immune checkpoint molecules including PD-L1
and non-classical HLA class I molecules such as HLA-E. These protective adaptations persist
throughout disease progression but ultimately fail to prevent ongoing beta-cell destruction

[42,44,48].

1.1.4. Clinical Presentation of T1IDM

The first clinical symptoms of TIDM are typically sudden and manifest as acute complications
(within days to weeks) due to the beta-cell failure, leading to a loss of endogenous insulin
secretion and resulting in hyperglycaemia (Stage 3). Over 95 % of newly diagnosed patients
seek medical attention because of these symptoms, with only a minority being diagnosed during
routine doctoral check-ups [34].

T1DM patients often present with polyuria, polydipsia, dehydration, weight loss, fatigue, visual
disturbances, and an increased susceptibility to infections, all of which results from
hyperglycaemia. Approximately one-third of the patients are diagnosed with life-threatening

diabetic ketoacidosis [1,49].

After achieving normoglycaemia through exogenous insulin therapy, beta-cells can experience
partial recovery in insulin secretion, leading to what is commonly referred to as the
“honeymoon phase”. During this phase, patients may require very little, or even no, exogenous
insulin for a period of time. The end of this partial remission is characterized by an increased
need for exogenous insulin due to a more advanced beta-cell failure, resulting in absolute
endogenous insulin deficiency. At this stage, exogenous insulin therapy then becomes essential

and accompanies the patient for life [3].

A long-standing history of TIDM in these patients is associated with a higher risk of both
microvascular and macrovascular complications, primarily due to the persistent
hyperglycaemia [50,51]. Microvascular complications, which typically arise from the damage
of the small blood vessels include nephropathy, neuropathy and retinopathy, which can lead to

life-altering consequences such as kidney failure, loss of peripheral sensation or blindness. On
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the other hand, macrovascular complications, resulting from damage of the lager blood vessels,
can lead to a range of cardiovascular diseases such as peripheral vascular disease,
cerebrovascular disease and ischemic heart disease, all of which contribute to an increased

burden of morbidity and mortality [52].

Therefore, maintaining good glycaemic control remains a significant challenge for all patients
with TIDM. At the same time, pursuing stringent glycaemic control can increase the frequency
of hypoglycaemic events and, worse, can lead to life-threatening episodes of severe
hypoglycaemia [53,54]. Additionally, the fear of hypoglycaemia often creates a barrier to
achieve good glycaemic control, which, in turn, increases the risk of developing both micro-

and macrovascular complications [55].

1.1.5. Hypoglycaemia

latrogenic Hypoglycaemia is a major limiting factor in achieving normoglycaemia in patients
with TIDM [54]. The average T1DM patient has approximately two symptomatic
hypoglycaemic events per week, which can lead to thousands of such episodes over a lifetime
[56]. Additionally, patients experience an average of 0.2 to 3.2 severe hypoglycaemic episodes
(requiring assistance due to unconsciousness) per year. While rare, some of these episodes can

be fatal [54,57].

1.1.5.1. Definition and Classification

Hypoglycaemia is defined as “any episode of abnormally low PG concentration (with or
without symptoms) that exposes the individual to potential harm” [58,59]. Although glycaemic
thresholds for hypoglycaemia can vary among T1DM patients due to individual differences in
symptom perception, it is generally agreed to classify hypoglycaemia into three levels based on

blood glucose thresholds [60,61]:

e Level 1: Blood glucose level < 70 mg/dl but > 54 mg/dl. This level should prompt the

patient to initiate corrective action. It is considered the biochemical threshold,
representing the lower limit of the physiological range of postabsorptive PG

concentration and the point at which counterregulatory hormones are activated.
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e Level 2: Blood glucose level < 54 mg/dl. This represents clinically significant

hypoglycaemia and requires immediate action.

e Level 3: No specific blood glucose threshold. This level is classified as severe

hypoglycaemia, an event that requires external assistance to actively administer
carbohydrate, glucagon or other glucose-raising agents due to severe cognitive
impairment.

Additionally, there are also clinical classification criteria for hypoglycaemia [58,62]:

1.) Documented symptomatic hypoglycaemia: An event characterized by typical symptoms

of hypoglycaemia, with a measured glucose level of <70 mg/dl.

2.) Severe hypoglycaemia: An event characterized as hypoglycaemia that requires external

assistance to treat due to severe cognitive impairment.

3.) Asymptomatic hypoglycaemia: An event characterized by the absence of typical

hypoglycaemic symptoms, but with measured glucose levels of < 70 mg/dl.

4.) Probable symptomatic hypoglycaemia: An event characterized with typical

hypoglycaemic symptoms, but no glucose measurement was performed. The event is

presumed to be caused by a PG level of < 70mg/dl.

5.) Pseudohypoglycaemia: An event characterized with typical hypoglycaemic symptoms,

but with measured glucose level of > 70 mg/dl.

1.1.5.2. Regulation of Glucose Homeostasis in Healthy Individuals

The brain depends almost entirely on glucose as its primary energy source and lacks the ability
to synthesize or store it in any significant amount. Consequently, the glucose homeostasis in
healthy individuals is carefully regulated through subtle, minute-to-minute changes in the
secretion of the insulin and its counterpart, glucagon, to maintain stable blood glucose levels
[55].

Insulin is secreted by the pancreatic beta-cells, which are surrounded by the glucagon-
producing alpha cells, both located within the islets of Langerhans. These hormones act in

opposition to each other to either increase or decrease the endogenous glucose production

21



(EGP), primarily throughout the liver (to a less extend by the kidneys) and decrease or increase
the rate of peripheral glucose disposal (Rd) in the tissues, depending on the glucose need [56].
During overnight fasting, the liver of healthy individuals produces PG at a rate of approximately
2.2 mg/kg/min to maintain euglycaemia, mainly via glycogenolysis and gluconeogenesis
[55,63]. It’s production rate is equal to the body’s Rd, with approximately 50-60% of the

available glucose being consumed by the brain [55].

After meal ingestion, rising PG concentrations stimulate glucose entry into pancreatic beta-
cells. Within these cells, the enzyme glucokinase phosphorylates glucose to glucose-6-
phosphate, thereby acting as a glucose sensor and initiating the insulin secretion to lower blood
glucose levels [64]. To restore normoglycaemia, insulin secretion suppresses the EGP by
inhibiting glycogenolysis and promoting glycogen storage in the liver, which is the primary site
of glucose uptake in healthy individuals. Insulin simultaneously enhances the Rd in the
peripheral tissues, which is responsible for utilizing the remaining circulating glucose [65,66].
Additionally, insulin directly inhibits glucagon secretion by downregulating the glucagon gene
expression in pancreatic alpha cells. The glucagon inhibition reduces EGP and enhances Rd,
thereby contributing to the normalization of blood glucose levels and preventing from

hyperglycaemia [67].

In contrast, to prevent or correct declining blood glucose in healthy individuals, such as during
prolonged fasting, several physiological defence mechanisms have evolved [56,68]. The
response of counterregulatory hormones begins even before the onset of hypoglycaemic
symptoms [69].

Initially, within minutes, when PG declines in a physiological range (approximately 80 — 85
mg/dl), insulin secretion decreases (Table 1) [56,68].

Second, as PG reaches a threshold of approximately 70 - 75 mg/dl, glucagon secretion increases
as the first-line counterregulatory hormonal defence. It increases the EGP through largely
stimulating the glycogenolysis, and with little acute effect on gluconeogenesis and decreases
the Rd [65,67]. The increase in glucagon secretion is triggered by a decrease in intra-islet insulin
and potentially other beta-cell secretory products at low PG concentrations [56].

Third, when PG levels fall to approximately 65 to 70 mg/dl, concentrations of epinephrine and

norepinephrine begin to increase. Elevated epinephrine levels stimulate the EGP through
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glycogenolysis - the conversion of glycogen into glucose in the liver- as well as
gluconeogenesis. It also decreases the Rd in peripheral tissues, suppresses insulin secretion and
promotes lipolysis in adipose tissue, all contributing to the maintenance of blood glucose levels
[68,70]. Norepinephrine levels support epinephrine levels during hypoglycaemia by also
stimulating glycogenolysis, although to a lesser extent than epinephrine levels and additionally
suppresses insulin secretion. Additionally, norepinephrine levels exert vasoconstrictive effects,
which raise blood pressure to ensure adequate blood flow of vital organs during hypoglycaemia
[65].

Table 1 Overview of Physiological Defence Mechanisms to Avoid Falling Plasma Glucose in
Healthy Individuals.

Glycaemic Phvsiological Role in prevention or
Response threshold (mg/dl y s1¢ correction of hypoglycemia
effects .
[mmol/l]) (glucose counterregulation)
Primary glucose regulatory
| Insulin 80 — 85 [4.4-4.7] TRa, (| Rd) factor, first defense against
hypoglycemia
Primary glucose
1 Glucagon 65 —70 [3.6-3.9] TRa counterregulatory factor, second
defense against hypoglycemia
Involved, critical when glucagon
1 Epinephrine 65— 70 [3.6-3.9] TRa, | Rd is deficient; third defense against
hypoglycemia
1 Cortisol and
growth 65 —70[3.6-3.9] T Ra,Rd | Involved, not critical
hormones
1 Exogenous Prompt behavioural defence
Symptoms S0-35[2.8-3.1] glucose (food ingestion)
.\ (Compromises behavioural
| Cognition <50[<2.8] - defense)

Source: Originally published in Cryer PE. Glucose homeostasis and hypoglycemia. In:
Kronenberg HM, Melmed S, Polonsky KS, Larsen PR, editors. Williams Textbook of
Endocrinology. 11th ed. Philadelphia: Saunders; 2008. p. 1503—-1533 [71]. Reproduced in:
Cryer PE. The Barrier of Hypoglycemia in Diabetes. Diabetes [56] and used with permission
of the American Diabetes Association.

Abbreviations: Ra: rate of glucose appearance (endogenous glucose production); Rd: the rate
of peripheral glucose disposal

Ifhypoglycaemia persists for a longer period, other counterregulatory hormones such as cortisol

and growth hormones are released, further increasing EGP and inhibiting Rd to increase blood
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glucose [56]. Additionally, fat mobilization increases and results in an excess of free fatty acids
being delivered to the liver, where they are converted into ketone bodies from acetyl-CoA, a
by-product of long-chain fatty acid metabolism. These ketone bodies are primarily used as fuel
by skeletal muscles and the heart. Under extreme conditions, the brain can also rely for energy

on them [72].

Healthy individuals start to ingest carbohydrates as a normal behavioural response to declining
blood glucose levels. They experience typical neurogenic (autonomic) symptoms, which are
primarily driven by the sympathetic nervous system. The brain detects low blood glucose levels
and, as a defensive mechanism, induces hunger, sweating, anxiety, palpitations, and tremors —
all signs that encourage the healthy individuals to ingest glucose, in order to normalize the blood
glucose levels [65,73]. Thanks to these effective defense mechanisms, hypoglycaemia is an

uncommon clinical event in healthy individuals [65].

1.1.5.3. Pathophysiology of Hypoglycaemia in TIDM

In patients with T1DM, the physiological defence mechanisms against falling PG levels are
often impaired [56] (Table 2). Typically in T1DM, hypoglycaemia results from an interplay of
iatrogenic insulin excess, often due to an overestimation of insulin requirements, combined with

insufficient carbohydrate intake and increased physical activity [65,74].

The first mechanism to hypoglycaemia, suppression of insulin secretion, is absent in TIDM
due to the autoimmune destruction of the pancreatic beta cells. As a result, exogenously
administer insulin continues to circulate even when PG levels decline [75,76].

Secondly, the glucagon response to hypoglycaemia is impaired and can be even entirely absent
in patients with TIDM [76]. This leads to an insufficient increase in EGP due to inadequate
stimulation of glycogenolysis and gluconeogenesis, along with a failure to reduce the rate of
glucose disposal (Rd), all essential mechanisms for restoring euglycaemia [75,76].

Finally, the third counterregulatory mechanism - the catecholamine response of epinephrine
and norepinephrine - becomes increasingly important when insulin and glucagon responses are
compromised. However, this counterregulatory response is also frequently blunted in TIDM
patients, limiting the ability to restore normoglycaemia during hypoglycaemia [75,76]. A

diminished epinephrine response to hypoglycaemia is also a key marker of reduced
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sympathoadrenal activity and plays a central role in the development of impaired

hypoglycaemia awareness [77]. TIDM patients affected by this condition have a sixfold

increased risk of experiencing severe hypoglycaemia [56,78].

Table 2 Overview of Impaired Counterregulatory Response to Hypoglycaemia in T1DM

Patients.
Glycaemic Impaired Response in
Response threshold P P Impact on Patient Care
T1DM
(mg/dl)
Insulin 80-85 Absent; CXOEENOUS insulin Prolongs hypoglycaemia
can’t rapidly reduce
Impaired or even lost . .
Glucagon 65-70 No increase of EGP hMaJ(())rlcocgterrlIllJ;tor to sever
No reduction of Rd YPOgly
Impaired with recurrent Impaired awareness;
Epinephrine 65-70 p . increasing risk of severe
hypoglycaemia (HAAF) hypoglycaemia
Cortisol and Diminished response in C-neg Affects recovery from .
65-70 . prolonged hypoglycaemia
growth hormones patients and glucose stability
Symptoms 50-55 Lost; no exogenous glucose Prolongs hypoglycaemia

intake

Source: Table created based on data from Cryer PE. The Barrier of Hypoglycemia in Diabetes.

Diabetes [56].

Abbreviations: EGP: endogenous glucose production; Rd: the rate of peripheral glucose
disposal; HAAF: hypoglycaemia- associated autonomic failure

When all these physiological defense mechanisms against hypoglycaemia are impaired in

T1DM patients, the risk of hypoglycaemic events rises substantially [74]. TIDM patients are

not only at a higher risk of developing hypoglycaemia, but they also have a 25-fold increased

risk of recurrent severe episodes. Such episodes are a serious threat to patient safety, carrying

the potential for acute cognitive dysfunction, seizures, loss of consciousness, and, in extreme

cases, death [79].

Although significant progress has been made in understanding the impaired counterregulatory

mechanism during hypoglycaemia in T1DM, the underlying pathophysiological mechanisms

remain not fully understood [75,76,80—82]. The loss of glucagon response to hypoglycaemia,
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first described in 1973 [76], has been consistently observed in TIDM patients and is strongly
associated with longer disease duration [75,80,83]. Evidence suggests that the glucagon
response may already be impaired just months after the diagnosis of TIDM [81]. Hofman et al.
demonstrated that even at the time of TIDM diagnosis, children and adolescents had already
lost the glucagon response to hypoglycaemia, comparable to levels observed in patients with
long-term T1DM [82].

However, it is still unclear when the glucagon response remains lost. This is of particular
clinical importance, as the loss of glucagon response is thought to be irreversible; unlike to the
epinephrine response and hypoglycaemia symptom awareness, which may improve with strict

hypoglycaemia avoidance [84].

Paradoxically, patients with T1IDM often exhibit elevated plasma glucagon levels during
normoglycaemia, a phenomenon known as hyperglucagonemia, which correlates with higher
blood glucose levels despite similar plasma insulin levels compared to healthy individuals
[85,86]. Furthermore, inappropriate postprandial glucagon secretion following oral glucose
intake has been observed to contribute to postprandial hyperglycaemia in T1DM patients

[87,88].

The mechanisms underlying the impaired glucagon response during hypoglycaemia remain
unclear. In healthy individuals, intra-islet signalling of Langerhans between alpha and beta cells
tightly regulates insulin and glucagon secretion in response to changes in PG levels [89]. In
T1DM, it is assumed that the beta-cell destruction disrupts this intra-islet communication,
particularly the local insulin-mediated inhibition of glucagon release. This may contribute to an
impaired ability of the alpha cells to respond appropriately to both normo- and hypoglycaemia
[65,90]. Additionally, this dysfunction may involve a reduced sensitivity of alpha cells to both
insulin and glucose levels [86,87,91].

Hyperinsulinaemic hypoglycaemic clamp studies [92,93] support the concept of insulin-
insensitive alpha cells in T1IDM, demonstrating that glucagon concentrations fail to be
suppressed under normoglycaemic conditions despite high insulin levels (exogenous
administered) — an effect that would be normally expected. These findings suggest that the
alpha cells in TIDM no longer respond appropriately to insulin and may become functionally

insensitive [86].
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Therefore, adequate sympathetic nervous system activation, sufficient catecholamine release,
and intact recognition of hypoglycaemia and its associated hypoglycaemic symptoms are
crucial for protecting TIDM patients from hypoglycaemic episodes [94]. While newly
diagnosed T1DM patients generally retain an intact epinephrine and norepinephrine responses
to hypoglycaemia, these counterregulatory mechanisms may diminish over time, increasing the

risk of cognitive dysfunction during hypoglycaemic episodes [73,80,95].

1.1.5.4. Clinical Manifestations and Hypoglycaemic Unawareness

Normally, declining blood glucose levels trigger typical hypoglycaemic symptoms in T1DM
patients, prompting them to ingest carbohydrates to raise their blood glucose levels.
Hypoglycaemic symptoms can be categorized in neuroglycopenic and neurogenic symptoms
[96]. Neuroglycopenic symptoms are directly caused by glucose deprivation in the brain and
can manifest as cognitive impairments, behavioural changes, and, at lower PG levels, seizure
and coma. Neurogenic (or autonomic) symptoms arise from physical changes induced by the
sympathoadrenal system (mostly the sympathetic neural activity) during hypoglycaemia.
Neurogenic symptoms include palpitations, tremor, anxiety/arousal, while cholinergic

neurogenic symptoms can be recognized by sweating, hunger and paraesthesia [96].

However, in TIDM patients, the awareness of hypoglycaemia is often impaired or even
completely lost. They may not perceive or recognize low or declining blood glucose levels,
which is particularly dangerous, as it increases the risk of severe hypoglycaemia occurring
without any adequate behavioural response. Studies suggests [78,97] that approximately 50%
of patients with TIDM experience significantly diminished perception of hypoglycaemic

symptoms after 15 to 20 years of disease duration.

The aetiology of hypoglycaemic unawareness in T1DM is considered to be multifactorial [78].
One of the major risk factors is the recurrence of hypoglycaemic episodes, particularly those
involving severe hypoglycaemic events, which progressively blunt both hypoglycaemic
symptom awareness and the hormonal counterregulatory response. This, in turn, initiates a
vicious cycle of recurrent hypoglycaemic episodes in affected patients [98].

This phenomenon is referred to as the hypoglycaemia-associated autonomic failure (HAAF), a

clinical syndrome characterized by defective hormonal counterregulation and impaired
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hypoglycaemia awareness, typically triggered by recurrent episodes of hypoglycaemia [73,90].
While the exact mechanisms are not fully understood, it is believed that disease progression
attenuates the sympathoadrenal response—comprising catecholamine secretion and
sympathetic nervous system activity—with the neural component being primarily affected [90].
Additionally, hypoglycaemic-induced alterations in central hypothalamic pathways have been
proposed [90].

As a consequence, many T1DM patients develop a lower glycaemic threshold for
sympathoadrenal activation and autonomic symptom onset. This shift leads to delayed or absent
hypoglycaemic warning symptom and ultimately contributes to the clinical manifestation of

hypoglycaemic unawareness [78,90].

Other risk factors for hypoglycaemic unawareness are a long diabetes duration and poorly
controlled diabetes over time. Moreover, certain medications, such as beta-blockers and

antidepressants, may also mask typically hypoglycaemic symptoms [8].

Interestingly, avoiding hypoglycaemia for 2-3 weeks by increasing the overall target blood
glucose levels can improve hypoglycaemia unawareness and enhance the diminished
epinephrine response in T1DM patients during hypoglycaemia [99]. Additional education,
medical support, and technical devises such as continuous glucose monitoring devises, can also

help improve hypoglycaemia unawareness [4].

1.1.5.5. Treatment of Hypoglycaemia

When using insulin, TIDM patients must be educated on how to recognize and appropriately
treat hypoglycaemic episodes. In most cases, TIDM patients are able to self-manage mild to
moderate hypoglycaemia. At the onset of hypoglycaemic symptoms, it is essential to confirm
the condition by measuring blood glucose levels. If the blood glucose is below 70 mg/dl,
treatment with 15-20 g of fast-acting carbohydrate is typically recommended to reduce
symptoms and increase the blood glucose. After 15-20 minutes, blood glucose should be then
re-evaluated, and the treatment repeated if hypoglycaemia persists. To prevent recurrence of
hypoglycaemia, the intake of long-acting carbohydrate afterwards may be advisable,

particularly if the next meal is not expected soon [100].
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In cases of unconsciousness (e.g., due to severe hypoglycaemia) or when patients are unable to
ingest glucose, parenteral therapy is necessary. In clinical settings, the preferred approach is the
administration of intravenous glucose after establishing venous access. In out-of-hospital
situations or when the iv. access is not possible, glucagon administration (via subcutaneous,
intramuscular, or nasal route) is recommended, as it works by stimulating the EGP.

Consciousness typically returns within 15 minutes after glucagon administration [74].

1.1.5.6. Risk Factors for Developing Hypoglycaemia in TIDM Patients

There are several risk factors contributing to the development of hypoglycaemia in patients
with T1DM [56,74]. One important factor is incorrect insulin dosage. Another is a reduced
supply of exogenous glucose, for example through inadequate, delayed or missed meals, or an
overnight fast. Additionally, glucose utilization and insulin sensitivity may increase, such as
after weight loss, improved blood glucose control, or during and shortly after physical activity.
Further, EGP may be reduced due to alcohol consumption or liver dysfunction, and insulin
clearance may be impaired due to renal dysfunction. Moreover, diabetic autonomic neuropathy
significantly increases the risk of hypoglycaemia.

Various medications, as well as factors like older age, cognitive impairment including
dementia, and poor diabetes education further contribute to increase the risk of hypoglycaemic
events. However, hypoglycaemia rarely occurs due to a single risk factor; rather, it typically

results from the interplay of multiple risk factors acting together [54,56].

Of particular clinical importance, as previously discussed, is recurrent hypoglycaemia, as it
markedly increases the risk of subsequent severe hypoglycaemic episodes in TIDM patients
and may contribute to a deterioration in overall metabolic control and quality of life [101]. In
addition, there is a well-documented association between intensive glycaemic targets, lower
individualized blood glucose thresholds, and an increased frequency of hypoglycaemic events
in TIDM patients [56,57,73]. Behavioural factors, such as fear of hypoglycaemia, may also
contribute to fluctuating blood glucose levels and increase the overall risk [56].

Interestingly, the absence of residual endogenous insulin secretion, reflected by C-peptide
negativity, and a long duration of TIDM diabetes have been identified as risk factors for

hypoglycaemic events [57].
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1.1.5.7. Rationale for Performing the Study

Previous studies have demonstrated that the risk and severity of hypoglycaemic events in
T1DM patients correlate with the disease duration [5,57,76,80]. The UK Hypoglycaemia Study
Group observed that the duration of T1DM did not influence either the prevalence or incidence
of mild hypoglycaemia, but patients with short disease duration (C-peptide positivity), had less
severe hypoglycaemic episodes compared to those with long-standing T1DM (C-peptide
negative) [57].

The duration of TIDM is correlated with a progressive decline in residual beta cell function,
indicating that the risk of severe hypoglycaemia increases as beta cell function diminishes
[5,101-103]. The progressive loss of beta cell function may contribute to the impairment of the
essential glucagon response during hypoglycaemia, further exacerbating the risk of severe
hypoglycaemic events. This impairment may also lead to a reduced EGP, compromising a
critical counterregulatory mechanism to restore blood glucose levels. Moreover, C-peptide
negativity is considered an important risk factor for the development of severe hypoglycaemic
events [83]. However, the underlying mechanism by which residual beta-cell function provides
protection against severe hypoglycaemia in patients with T1DM is not fully understood, and
the potential influence of C-peptide status on the EGP during hypoglycaemia remains to be

further investigated [5].

The interpretation of an impaired glucagon response during hypoglycaemia is further
complicated by the variability and specificity of the available glucagon assays. Over time,
different glucagon assays have been used to measure glucagon levels in TIDM. Analytical
methods have improved, but commonly used assays are mostly nonspecific and also detect N-
terminally extended or truncated forms of glucagon. These sometimes erroneously high
glucagon levels may have compromised the interpretations of the role of glucagon inT1DM
patients [5,104,105].

However, more advancement have led to development of a specific and highly sensitive
glucagon assay that allows the specific detection of intact glucagon, which may enables a

reassessment of glucagon dynamics in T1DM patients [104,106].
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1.2. Aim

The aim of the study was to determine the impact of C-peptide status on the glucagon response
and, as a consequence, on the EGP during hypoglycaemia in patients with TIDM [5].

For this purpose, we performed a standardised hyperinsulinaemic stepwise hypoglycaemic
clamp in both C-pos and C-neg T1DM patients. Glucagon levels were measured using a specific
and highly sensitive double-sandwich enzyme linked immunosorbent assay (ELISA). For
assessing the EGP, a stable isotope tracer technique was applied during the hypoglycaemic

clamp [5].
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2. Material and Methods

2.1. Study design

It was an open, non-randomized, single-centre study initiated at the Division of Endocrinology
and Diabetology, at the Medical University of Graz, Austria. The informed consent and the
study protocol were written in accordance with Good Clinical Practice [107] and the
Declaration of Helsinki [108] and approved by the local ethics committee of the Medical
University of Graz (26-070 ex 13/14) [5].

2.2. Recruitment

An electronical diabetes database, created by the Division of Endocrinology and Diabetology
at the Medical University of Graz, was used for recruitment. The database included both TIDM
and T2DM patients, who were interested in potential participation in clinical studies, performed
at the division and provided written informed consent for the storage of their personal data.
From over 1000 potential individuals with TIDM, a total of 10 C-pos and 11 C-neg TIDM
were selected. These groups were matched for demographic (age, gender) and metabolic

characteristics [(weight, body mass index (BMI)] [5].

2.3. Subjects

2.3.1. Informed Consent

The informed consent (attached in the appendix) was obtained from all subjects before any
study related activities were started. Potential subjects were provided with oral and written
information about the study and the procedures involved, in accordance with local
requirements. Subjects were fully informed of their responsibilities and their rights while
participating in the study and of all the procedures involved as well as the possible risks and
benefits of participation in the study. Subjects had to have the opportunity to ask questions and
they had ample time to consider participation. If the subjects wished to participate in the study,
they were asked to personally sign and date an informed consent form prior to any study-related

activities. Likewise, the investigator had also to sign the informed consent form prior to any
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study-related activities. All subjects were provided with a copy of their own signed and dated

informed consent form. [5].

2.3.2.

1.

4a.
4b.

Inclusion Criteria at Screening Visit

Informed consent obtained before any study-related activities. Study-related activities
are any procedures that were carried out as part of the study, including activities to
determine suitability for the study.

Male or female, aged 18 — 64 years (both inclusive).

T1DM (as diagnosed clinically).

Fasting basal C-peptide concentrations of > 0.05 nmol/I for C-pos T1DM patients.
Fasting basal C-peptide concentrations below the lower limit of quantification (LOQ =
0.017 nmol/1) [109] for C-neg T1DM patients.

BMI 18.0 - 28.0 kg/m2 (both inclusive).

HbAlc 42 — 80 mmol/mol (6.0-9.5 %).

Treated with daily insulin injections or continuous s.c. insulin infusion (CSII) [5].

. Exclusion Criteria at Screening Visit

Known or suspected hypersensitivity to study product(s) or related products.
Recurrent severe hypoglycaemia (more than 1 severe hypoglycaemic event during the
last 12 months) as judged by the investigator.
Hypoglycaemia unawareness as judged by the investigator.
Clinically significant abnormal haematology, biochemistry, lipids, or urinalysis or
coagulation screening tests, as judged by the investigator and any of the following
laboratory safety results:
a. ASAT, ALAT, lipase, alkaline phosphatase > 2.0 times upper limit of
reference range.
b. Haemoglobin < 8.0 mmol/L (male) or < 6.4 mmol/L (female), total leukocyte
count < 3.0 x 109/L, thrombocytes <100 x 109/L.
¢. Serum creatinine levels > 126 pmol/L (male) or > 111 umol/L (female).
Suffer from or history of a life-threatening disease (e.g. cancer except basal cell skin

cancer or squamous cell skin cancer), or any clinically significant respiratory, metabolic,
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10.

11.

12.

13.

14.

15.

16.

renal, hepatic, gastrointestinal, endocrinological (with the exception of diabetes mellitus
and euthyroid struma), haematological, dermatological, venereal, neurological,
psychiatric diseases or other major disorders as judged by the investigator.

Cardiac problems defined as decompensated heart failure (New York Heart Association
class III and IV) at any time and/or angina pectoris within the last 12 months prior to
screening and/or acute myocardial infarction at any time.

Supine blood pressure at screening (after resting for 5 min) outside the range of 90—140
mmHg for systolic or 50 — 90 mmHg for diastolic (repeated measurement on a second
screening visit allowed to exclude white-coat hypertension). This exclusion criteria also
pertained to subjects being on antihypertensive drugs.

Clinically significant abnormal electrocardiogram (ECG) at screening, as judged by the
investigator.

Proliferative retinopathy or maculopathy and/or severe neuropathy, in particular
autonomic neuropathy, as judged by the investigator.

Any disease or condition that, in the opinion of the investigator, would represent an
unacceptable risk for the subject’s safety.

Patients positive for hepatitis B surface antigen (HBsAg) or hepatitis C antibodies (or
diagnosed with active hepatitis according to local practice).

Positive result of the screening test for Human Immunodeficiency Virus (HIV)-1
antibodies, HIV-2 antibodies and/or HIV-1 antigen according to locally used diagnostic
testing.

History of multiple and/or severe allergies to drugs or foods or a history of severe
anaphylactic reaction.

Subject who donated any blood or plasma in the past month or more than 500 mL within
3 months prior to screening.

Surgery or trauma with significant blood loss (more than 500 mL) within the last 3
months prior to screening.

Current treatment with systemic [oral or intravenously (i.v.)] corticosteroids,
Monoamine Oxidase inhibitors, nonselective beta-blockers, growth hormone, herbal
products or non-routine vitamins. Furthermore, thyroid hormones were not allowed

unless the use of these has been stable during the past 3 months prior to screening.
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17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

2.34.

Significant history of alcoholism or drug/chemical abuse as per investigator’s
judgement or a positive result in the drug/alcohol screen at the screening visit.

Smoker (defined as a subject who was smoking more than 5 cigarettes or the equivalent
per day).

Not able or willing to refrain from smoking and use of nicotine gum or transdermal
nicotine patches during the inpatient period.

Subject with mental incapacity or language barriers precluding adequate understanding
or co-operation or who, in the opinion of the investigator, should not participate in the
study.

Potentially non-compliant or uncooperative during the study, as judged by the
investigator.

Any condition that would interfere with study participation or evaluation of results, as
judged by the investigator.

Female of child-bearing potential who was pregnant, breast-feeding or intend to become
pregnant or was not using adequate contraceptive methods (adequate contraceptive
methods include sterilisation, hormonal intrauterine devices, oral contraceptives, sexual
abstinence or vasectomised partner).

Use of drugs, which may interfere with the interpretation of study results or were known
to cause clinically relevant interference with insulin action, glucose utilisation, or
recovery from hypoglycaemia.

Severe acute and/or chronic diseases.

Diseases of the skin which could interfere with application of the catheters as judged by
the investigator.

Receipt of any investigational medicinal product within 3 months before randomisation

in this study [5].

Exclusion Criteria at Hypoglycaemic Clamp Day (Day 1, Visit 2)

Strenuous exercise later than 10:00 pm, 1 day before day 1, visit 2.
Consumption of alcohol later than 10:00 pm, 1 the day before day 1, visit 2.

Positive result of alcohol breath test on day 1, visit 2.
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10.
11.

12.

Consumption of coffee, tea, chocolate or beverages (such as cola and energy drinks)
containing methylxanthine (caffeine, theophylline or theobromine) later than 10:00 pm,
1 day before day 1, visit 2.

Non-fasting (i.e. consumption of food or beverages, other than water, later than 05:00
pm on the day of the visit) expect if slight intake of rapidly absorbable carbohydrates
(not more than 20g carbohydrates) has been necessary in order to prevent
hypoglycaemia (if carbohydrates are ingested, subjects have to confirm by a blood
glucose measurement that they are not hypoglycaemic).

Injection of long-acting insulin, Neutral Protamine Hagedorn insulin or any other
intermediate-acting insulin products later than 08:00 am on day 1, visit 2.

Injection of short acting insulin later than 05:00 pm on day 1, visit 2.

Using subcutaneous infusion of insulin later than 05:00 pm for subjects using
continuous subcutaneous insulin infusion on day 1, visit 2.

A hypoglycaemic event defined with PG < 70 mg/dl later than 10:00 am on day 1, visit
2.

Not in stable glycaemic control at visit 2 as judged by the investigator.

Presence of any medical conditions that may confound the results of the study, as judged
by the investigator.

Any use of systemic (oral, i.v. or inhaled) corticosteroids, monoamine oxidase
inhibitors, prostaglandin blockers, systemic non-selective beta-blockers, growth
hormone, herbal products or non-routine vitamins. Furthermore, thyroid hormones are

not allowed unless the use of these has been stable during the past 3 months [5].

2.3.5. Stopping and Discontinuation Criteria

The subjects were advised in the informed consent forms that they had the right to withdraw

from the study without prejudice and might be withdrawn at the investigator's discretion. A

subject had to be withdrawn if the following applied:

1.

Withdrawal of consent: subjects had the right to withdraw from the study at any time
for any reason.

Pregnancy.

Intention of becoming pregnant.

The subject donated any blood during the study [5].
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2.3.6. Study Schedule

The patients were invited to screening visit (visit 1), a hypoglycaemic clamp visit (visit 2: dayl
and day 2) and a follow up visit (visit 3) (Table 3). The total study duration for each patient was
approximately one month. Patients received a financial compensation for their time and

participation on the study [5].

Table 3 Overview of Study Procedures

Study periods Informed Screening Hypoglycaemic Clamp Follow Up
Consent Visit Visit Visit
Day 1 Day 2
Visit number V1 V2 V3
Visit window 3-21d before 0 3 — 10 d after
V2 V2
SUBJECT RELATED
INFO/ASSESSMENTS
Informed consent X
In/exclusion criteria X
Clamp day exclusion criteria X
Demography X
Medical history X
Diagnosis of diabetes and
diabetes treatment history X
Current diabetes treatment X X X
Concomitant illness X X X
Concomitant medication X X X
Abuse of drugs, alcohol and X
smoking habits
Hypoglycaemic clamp X
EFFICACY
Plasma glucose X X
Fasting C-peptide X
[6,6->H,]-glucose X
Glucagon X
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Epinephrine X

>~

Norepinephrine

Hypoglycaemic awareness X

Hypoglycaemic symptoms

questionnaire

SAFETY

Hypoglycaemic episodes

Body measurements

Physical examination

Vital signs

X R X )

ECG

M| R X R
=

Alcohol breath test

>~

Biochemistry

o

Haematology

Hepatitis

Coagulation parameters

HbAlc

HIV

Lipids

i

Urinalysis

Pregnancy test

] Bl B Il Bl Il B Bl Bl B el Bl B e e

Screen for drugs

Fundoscopy X

Abbreviations: Visit: V; ECG: Electrocardiogram; Haemoglobin Alc: HbAlc; Human
Immunodeficiency virus: HIV

2.3.7. Screening Visit (Visit 1)

The screening visit took place 3-21 days prior to visit 2. The subject was asked to attend the
screening visit fasting (only water from 10 pm before the screening visit; minimum 9 hours). A
rescheduling of the screening visit (within 1-7 days) was allowed once, in case the subject had
failed to fast [5].

At screening visit, all inclusion and exclusion criteria were checked. Demographic data

including date of birth, sex, ethnicity and race were obtained. The medical history, including
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the diagnosis of T1DM, current medications (including diabetes treatment), and previous
diabetes treatment history, were collected. History of drug abuse, alcohol and smoking habits
were obtained. Data of body measurements including body weight, height and BMI, a physical
examination, vital signs (blood pressure and heart beat), an ECG and an alcohol breath test were
obtained from each patient. Blood was collected for laboratory examination for safety
assessment (haematology, biochemistry, lipids, coagulation), and for analyses of HbAlc,
fasting C-peptide concentrations, HBsAg, hepatitis C antibodies and HIV antibodies and HIV
antigen. Urine was collected for urinalysis, for drug screening and in women of childbearing
potential for pregnancy test. Additionally, patients had to bring a doctor's certificate of a
fundoscopy, not older than 6 months, to exclude diabetic long-term complications, like diabetic
retinopathy. Screened subjects who did not comply with all inclusion and exclusion criteria

were excluded from the study [5].

2.3.8. Hypoglycaemic Clamp Visit (Visit 2)

At visit 2, patients underwent a hyperinsulinaemic, stepwise hypoglycaemic clamp with a stable
isotope trace technique (Figure 2) [5].

The hyperinsulinaemic hypoglycaemic clamp is a widely accepted standardized methodology
for investigating the effects of varying hypoglycaemia levels by setting predefined blood
glucose thresholds to assess counterregulatory hormone responses in patients [110].

To assess whole-body glucose fluxes, including both EGP and Rd, during the hypoglycaemic
clamp [5,111,112], a stable isotope tracer technique was applied according to Powrie et al. [113]
and Steele et al. [114]. Tracer infusion rates were selected to maintain constant blood tracer
enrichment at baseline and throughout the clamp, thereby avoiding errors caused by tracer
mixing transients. The chosen tracer infusion rates allowed to achieve an average blood tracer

enrichment of 4% both during baseline and the hypoglycaemic clamp procedure [5].
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Variable insulin infusion

Isotope tracer glucose infusion?
|

Constant insulin infusion (1.5mU kg' min-1)

GIR> IRRERNNNI T ][]
Spontaneous recovery®
+—>
Plasma glucose 30 min 30 min
100 mg/dl 100 mg/dl, P
Baseline b ’
f * .30 min 70 Tng/d|
63 mg/dl~ 01
e
1 * .30 min, 7
45 mg/dl
o | T
Run-in period Hypoglycaemic clamp

I I I I
10:00 pm 05:00am  07:30 08:00 09:30 10:00 variable timing

Figure 2 Hypogylcaemic Clamp Design with a Stable Isotope Tracer Technique.

Reproduced from [5] and adapted with permission of publisher Oxford University Press on

behalf of the Endocrine Society.

a. Isotope tracer glucose infusion - 9.6 mg/kg/min of [6,6-2H2]-glucose was given i.v. for
one minute and a constant rate of 0.08 mg/kg/min i.v. until the end of the clamp.

Glucose infusion rate (GIR) — was enriched with 4 mg [6,6-°Hz]-glucose/ml.

c. Spontaneous glucose recovery — defined as the time at PG plateau 45 mg/dl — 15 min after
insulin infusion (1.5 mU/kg/min) was stopped — until the end of the PG plateau 70 mg/dl,
time point 10. 45 minutes was the maximum time to reach the next PG plateau 70 mg/dl,
otherwise a glucose infusion was administered to increase the PG to the next PG plateau

1 Hypoglycaemic response assessments were performed at each PG plateau and included
blood sampling for glucagon and [6,6-*Hz]-glucose concentrations, vital signs,
hypoglycaemic awareness and hypoglycaemic symptoms tests.
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On the evening (day 1) prior to the study day, each subject arrived at approximately 09:00 pm
at the Clinical Trials Unit, at the Medical University of Graz, for an in-house stay for
approximately 16 hours. All subjects had been advised no to inject long-acting or intermediate-
acting insulin after 08:00 and not to inject short-acting insulin later than 05:00 pm on day 1.
Last food intake was allowed at 05:00 pm, except from water at day 1. No hypoglycaemic
events (PG level < 70 mg/dl) were allowed on day 1 [5].

Before any study procedures were started, hypoglycaemic clamp exclusion criteria were
checked. Concomitant illness, current medications including diabetes treatment, and
hypoglycaemic episodes since the last visit were assessed. Physical examination including
documentation of vital signs (blood pressure, pulse and body temperature) and body weight
were performed. ECG and an alcohol breath test were obtained. In women of childbearing

potential, a urine analysis for pregnancy was done [5].

During the clamp, subjects remained fasting with the exception of water intake and stayed
during the clamp in a supine or semi-supine position. A hand or antecubital vein of one arm
was cannulated and the arm remained in a heating blanket throughout the clamp procedure for
sampling of arterialised venous blood. The heating of the hand resulted in an arterialisation of
the venous blood due to a reflective opening of arteriovenous shunts. The patency of the
cannulation was maintained with a 154 mmol/l NaCl Infusion throughout the clamp procedure.
A hand or antecubital vein in the contralateral arm was cannulated for a variable insulin infusion
(human soluble insulin (40 TU Actrapid® [100 IU/ml], NovoNordisk, Copenhagen, Denmark;
in 99.6 mL NaCl [154 mmol/I]) until 08:00 am, on the study day 2 or for safety reasons, a
variable glucose infusion (10%, Fresenius Kabi, Graz, Austria) was applied, in order to obtain
a PG level of 100 mg/dl overnight until 05:00 am, on the study day 2 [5].

The insulin infusion was stopped completely if glucose had to be infused and vice versa.
Overnight, PG levels were measured every 5 to 30 minutes depending on the PG concentrations
(PG target level: 100 mg/dl) and to avoid nocturnal hypoglycaemia (defined as PG level < 70
md/dl). Blood samples were taken at scheduled time points (Table 4 and Table 5) [5].

At 05:00 am, day 2, a [6,6-°Hz]-glucose solution (100 g/l, Euriso-Top, Saint-Aubin Cedex,

France) was given i.v. as a primed infusion (9.6 mg/kg/min) for one minute and afterwards an
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1.v. constant rate of 0.08 mg/kg/min [5,112]. It was administered, until the last blood samples
were taken, at the PG plateau level of 70 mg/dl, on the study day 2, to assess the EGP and Rd
during baseline and during the hypoglycaemic clamp. PG level deviation of + 30% was allowed
from 05:00 until 07:30 am. At 07:30 am, two and a half hours after [6,6-Hz]-glucose infusion
was started, tracer glucose equilibration was reached (with the goal of a 4% enrichment) and
defined as baseline (low insulin, duration of 30 minutes) [112]. A variable low insulin infusion

was allowed for stable PG levels at 100 mg/dl with a PG deviation of £ 20% [5].

At approximately 08:00 am, on the study day 2, the variable low insulin infusion was increased
to a constant high insulin infusion of 1.5 mU mg/kg/min and thereby the hyperinsulinaemic
hypoglycaemic clamp was initiated (Figure 2). To keep the PG level stable for approximately
90 minutes at normoglycaemia, a controlled glucose infusion enriched with 4 mg [6,6-*Ha]-
glucose/ml (GIR = glucose infusion rate), to reduce changes in plasma enrichment of [6,6->H;]-
glucose, was administered [5,112]. Afterwards, the first PG plateau 100 mg/dl was initiated for
30 minutes (PG deviation of + 10% was allowed). Then the glucose infusion was interrupted
and the PG was allowed to fall to PG 63 mg/dl [5].

After reaching PG 63 mg/dl, the glucose infusion was re-started, in order to keep the PG stable
for 30 minutes (PG plateau of 63 mg/dl; PG deviation of + 10% was allowed). Subsequently,
the glucose infusion was interrupted once again and PG was allowed to fall to 45 mg/dl (same
procedure as described at PG plateau 63 mg/dl). When PG had been fallen to 45 mg/dl, or when
PG had been reached a nadir at a higher PG concentration (if it was not possible to achieve
lower PG concentrations/or when symptoms were unacceptable for the patients), a variable i.v.
glucose infusion was re-started in order to keep PG stable at this plateau. No PG level below
40 mg/dl was allowed. After fifteen minutes at this PG plateau, the insulin infusion was stopped
and the glucose infusion was tapered off to allow spontaneous glucose recovery from
hypoglycaemia, if possible [5].

If the PG had not reached the next PG plateau 70mg/dl 45 minutes after termination of the
insulin infusion, a constant i.v. glucose infusion (5.5 mg/kg/min) was initiated in order to
increase PG to the last PG plateau 70 mg/dl (duration of 10 minutes). Therefore, the
spontaneous glucose recovery was defined as: the time at PG plateau 45mg/dl — 15min after
insulin infusion was stopped — until the end of the PG plateau 70mg/dl, time point 10). Finally,

the PG was brought back to normoglycaemia and the hypoglycaemic clamp was terminated [5].
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PG measurements were performed every 5-30 minutes from initiation of the clamp procedure
until termination of the clamp according to Table 4. For safety reasons, PG measurements were
allowed to be performed more frequent than every 5 min, if PG became < 40 mg/dl or at the
physician’s discretion. Blood sampling for measurement of PG, [6,6-2H2]- glucose,
counterregulatory hormones (glucagon, norepinephrine and epinephrine concentrations) were
performed at baseline and during the PG plateau 100, 63 and 45 mg/dl at time point 0, 10, 20,
30 and at PG plateau 70 mg/dl at time point 0 and 10 minutes. Additionally, vital signs were

assessed and an ECG was performed at each PG plateau [5].

Further, hypoglycaemic awareness was assessed by the question “Do you feel any symptoms
of hypoglycaemia” with the possible answers of “yes” or “no” at each PG plateau at time points
corresponding to specific PG concentrations according to Table 4 and Table 5 [5].

Additionally, hypoglycaemic response assessments were evaluated with the Edinburgh
Hypoglycaemic Scale [115]. Symptoms of sweating, palpitations, shaking, hunger,
confusedness, dizziness, strange behaviour, language difficulties, uncoordinated, headache and
nausea were asked each patients at specific time points during the clamp (according to Table 4
and Table 5) and each patient had to give points: 1 (not at all) up to 7 points (completely agree).
Further, potassium concentrations were measured at the discretion of the investigator and

replaced, if necessary [5].
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Table 4 Sampling Scheme for the Hypoglycaemic Clamp Visit

. Variable i.v. insulin Plasma . Hypoglycaemic
Approx. hour infusion (Actrapid®)? glucose Blood sampling response
assessments
09:45 pm (day 1) X
10:00
11:00
00:00 am (day 2)
01:00
02:00
03:00
04:00 Sr;iflo
. Sampling for
05:00 [6,6-°H>] glucose®
Variable i.v. insulin 2 2] gl
05:30 . . . ®
06:00 infusion (Actrapid®) -
: PG target at 100 mg/dl
06:30
07:00
Sampling for
[6,6-*H2]-glucose
5_10 and counter-
07:30 . regulatory
min 4
hormones
08:00
09:00
10:00 Start of the clamp
11:00 with a constant i.v.
1500 insulin infusion
) (1.5 mg/kg/min) S min® According to According to
01:00 pm (See Table 5 and Table 5 Table 5
02:00 Figure 2)
03:00
04:00

! Actual starting time could vary but nominal timing should be followed in any case.

2 Hypoglycaemia induction might be approx. at 09:30 am in the morning.

3 Sampling for [6,6-°Hz] glucose, before tracer infusion started (at 05:00 am in the morning,
day 2)

4 Tracer steady state should be reached; at 07:30 am (at time point 0, 10, 20, 30 minutes) blood
sampling for [6,6-*Hz] glucose and counterregulatory hormones were drawn.

% During development of hypoglycaemia, if PG was < 3 mg/dl above the next PG threshold
level, then PG measurements might be performed more frequent than every 5 min.
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Table 5 Plasma glucose (PG) Target Profile and Sampling Scheme during the Hypoglycaemic

Clamp
- Tracer
Approx. hour Lengt:;i(:)fdtlme lzg 17(;71‘;1 Insulin flow Gi!ll:)cvgls ¢ ([6,6-2H;]
P g Glucose)
09:45 pm (day 1) - 100 variable variable?
05:00 am (day 2) :
07:00 tracer enrichment | variable no infusion
07:15 |
) tracer steady state ! .
07:30 _ baseline (30min) : stable no Infusion
1.5-2 hours | variable +
) 1 tracer
|
|
|
|
: A
First PG_plateau : variable +
. tracer
I
(30 min) | constant (1.5 Bolus*
| mU/kg/min) +
v constant Infusion
. NS
From 08:00 variable decreasing to: no infusion (0.08mg/kg/min)
PG plateau®- 63 variable +
(30 min) tracer
variable decreasing to: no infusion
453 variable +
PG plateau®- tracer
(30 min) variable no infusion variable +
tracer
Spontaneous onlv if
max 30 min glucose no infusion Y
recovery®’ needed
last PG plateau . . . .
(30 minutes) ® 70 no infusion no infusion

Hereafter the PG will actively be raised to 100 mg/dl

' At 08:00 am, day 2, 10% glucose infusion will be enriched with 4mg D-[6,6-?H.] glucose /ml
2 Variable i.v. glucose infusion (only for safety)

3 If not possible to reach 45 mg/dl, nadir PG will be used

* A bolus of 9.6mg/kg/min for one minute of [6,6-°Hz] -Glucose (tracer) will be given

5 Constant i.v. tracer infusion of 0.08 mg/kg/min until the last [6,6->Hz]-glucose sample will be
taken at the plateau of 70 mg/dl.

6 PG will not be allowed to decline below 40 mg/dl.

" In case PG level 70 mg/dl is not reached 1 hour after nadir PG level has been reached, rescue
glucose will be given to raise PG to 70 mg/dl.
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A Assessments performed at 100, 63 and 45 mg/dl (prioritised):
Blood samples:
- [6,6-2H2]- glucose and glucagon measurements (at 0, 10, 20 and 30 minutes)
- Vital signs (at 0 and 30 minutes)
- Print out of 12-lead ECG
At PG levels 63 and 45 mg/dl: 1) between 0—-5 minutes; 2) at 15 minutes; 3) between 25-30
minutes;
- Hypoglycaemic symptoms questionnaire and hypoglycaemic awareness
- Pkt 2—4 at appropriate time points (as specified in laboratory manual)
Potassium blood samples will be sampled as judged by the investigator.

B Assessments start to perform at 70 mg/dl (or higher) (prioritised):
(Independently of the further blood glucose levels)
Blood samples:
- [6,6->Hz]- glucose and glucagon measurements (at 0 and 10 minutes)
- Vital signs (at 0)
- Print out of 12-lead ECG
Hypoglycaemic symptoms questionnaire and hypoglycaemic awareness.
Potassium blood samples will be sampled as judged by the investigator.

After termination of the hypoglycaemic clamp, the fasting period ended and the subject was
given a meal. Supervision on how to resume usual insulin therapy was given to the subject at
the discretion of the investigator. Afterwards, the subject was released from the clinical site, if
the investigator had no safety concerns. Before leaving the clinical site, the subject was
informed about the potential symptoms of hypoglycaemia and about appropriate methods to

treat hypoglycaemia [5].

2.3.9. Follow Up Visit (Visit 3)

The subject attended the visit 3, 3 — 10 days after visit 2. The subject had to be fasting (only
water since 10:00 pm the evening before - minimum 9 hours before the visit was allowed).
Changes in concomitant illness, medication, including current diabetes therapy, and
hypoglycaemic episodes were recorded. Bodyweight, vital signs including blood pressure,
pulse and body temperature, physical examination and an ECG were assessed. Blood was drawn
for safety assessment (haematology, biochemistry and lipids) and a urinalysis including a

pregnancy test in women of childbearing potential was performed [5].
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2.4. Study Supplies

The medicinal product was supplied by the institutional pharmacy:

- Human insulin (Actrapid®) for i.v. infusion.
The non-investigational medicinal products during the study were also supplied by the
institutional pharmacy:

- NaCl solution, 154 mmol/L for infusion.

- D-[6,6-*H2] glucose (100g/1), for i.v. infusion, was supplied by Euriso-Top GmbH and

manufactured by the institutional pharmacy [5].

2.5. Study Monitoring and Source Data Verification

A qualified person of the Division of Endocrinology and Diabetology was monitoring in regular
intervals the adherence to protocol and local requirements, to perform a case report form (CRF)
verification and to assist the investigators in the study related activities.

The study electronical CRF (eCRFs) were prepared and used for data collection during the
study. The investigator had to ensure the accuracy, completeness legibility and timeliness of
data reported in the eCRFs and all required reports. Any change or correction to an eCRFs had
to be dated, initialled and explained (if necessary) and had not to obscure the original entry, this

applies to both written and electronic changes [5].

2.6. Blood Analyses and Biochemical Calculations

The planned total volume of blood to be drawn from each subject during the study was amount
to less than 450 ml, taken over a period of approximately one month [5].

Blood analysis for glucagon concentrations was collected in P800 EDTA tubes (BD™, Becton
Dickinson, Franklin Lakes, NJ) which contained protease inhibitors and DPP-IV inhibitors.
These tubes were selected based on previously performed stability tests with a highly efficient
inhibition of glucagon degradation [116]. Blood samples were collected at specific time points
from the patient, immediately centrifuged for fifteen minutes and stored in a freezer at — 80°C.
Glucagon concentrations were measured with a solid phase two-site ELISA (Mercodia
Glucagon, Uppsala, Sweden), with the coefficient of variation for inter-assay variation with 7.3

— 9.4% and for the intra-assay variation with 3.3 — 5.1%. The detection limit of the
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immunoassay was 1 pmol/l for glucagon and it had the following specificity for cross-reaction:
Glicentin-Related Pancreatic Peptide < 0.0005%, Oxyntomodulin 4.4%, GLP-2 < 0.3%, GLP-
1 <0.3%, Mini-glucagon < 0.1%, and Glicentin 0.8%. All glucagon analyses were performed

in a single run using kits from the same lot [5,104,117].

Blood samples for the analysis of natural glucose and [6,6-°H,]-glucose were collected in
sodium fluoride tubes, immediately centrifuged at 4°C for 15 minutes and stored in a freezer at
-80°C, as previously described [111,118]. Spiked dialysed plasma standards were prepared
containing glucose (30 - 290 mg/dl) and [6,6->H>]-glucose (0.5 - 5.8 mg/dl). Internal standards
included [*Cs]-glucose and ['*Cs, 2H7]-glucose.

Glucose was analysed following protein precipitation and a two-step chemical derivatization.
Protein precipitation was carried out using cold acetone. After centrifugation, the supernatant
was evaporated to dryness. The first derivatization step involved the addition of an
acetone/sulfuric acid mixture to obtain 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose. For
neutralization, sodium carbonate and sodium chloride were added. The resulting mixture was
extracted with ethyl acetate, and the organic phase was evaporated to dryness. In the second
derivatization step, an acetic anhydride/ethyl acetate mixture was added to obtain 3-acetyl-
1,2:5,6-di-O-isopropylidene-a-D-glucofuranose.

Derivatized samples and standards were analysed by gas chromatography—mass spectrometry
(GC-MS; 7890A GC, 7000B MS, Agilent Technologies, Santa Clara, USA) in split-less mode.
A flow rate of 2 ml/min was used in the chromatography and a carrier gas with Helium using a
HP-5MS 30m x 250 pm x 0.25 um GC column (Agilent Technologies, Santa Clara, USA) was
used. The temperature program was 110 °C (hold 0.5 min), followed by the Ramp 1: 25°C/min
to 225°C.

Electron impact ionisation was used in single ion monitoring mode at the following mass-to-
charge ratios (m/z): 287 (natural glucose), 288 ([*Hi]-glucose), 289 ([*Hz]-glucose), 293
(['3Cs]-glucose) and 300 (['3Cs, *H7]-glucose).

For calculating the tracer-to-tracee ratio (TTR), the peak areas of the analytes were used after
quantifying the natural glucose and the [6,6-’H>]-glucose concentrations.

All steps, including sample processing, derivatization, GC-MS measurement, and tracer-to-

tracee ratio (TTR) calculation of glucose and [6,6-?Hz]-glucose were performed by Reingard
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Raml of Joanneum Research Forschungsgesellschaft mbH HEALTH—Institute for

Biomedicine and Health Sciences, Graz, Austria [5].

C-peptide concentrations were measured by using a two-site sandwich immunoassay (ADVIA
Centaur, Siemens Healthcare Diagnostics, Camberley) with the lower limit of quantification of
0.017 nmol/l. For HbAlc, a HPLC-UV (Menarini HA-8160; Menarini Diagnostics, Florence,
Italy) was used. PG concentrations were measured with a glucose analyser (Super GL; Dr.

Miiller Gerdtebau GmbH, Freital, Germany) at bedside during the whole hypoglycaemic clamp
[5].

Blood samples for norepinephrine and epinephrine concentrations were collected in EDTA-
plasma tubes, immediately stored in the freezer at -80 °C and measured with a
radioimmunoassay (DRG Instruments GmbH, Marburg, Germany). Unfortunately, only
samples from 7 C-pos and 7 C-neg patients were available for analysis of norepinephrine and

epinephrine concentrations [5].

2.7. Calculations and Statistical Analysis

All data were presented as mean + standard deviation (SD). A p-value of < 0.05 was considered
significant. Shapiro-Wilk test (SW) was used for testing normality in all parameters. For
normally distributed data (SW-test: p > 0.05), a t-test was used and otherwise, for data with no
normally distribution (SW-test: p < 0.05) a Mann-Whitney-U-test was applied [5].

Mean glucagon levels were determined for each patient and resulting data were compared
between C-pos and C-neg patients at baseline and during each PG plateau (PG plateau 100, 63,
45, and 70 mg/dl). Primary parameter was defined as the mean glucagon concentration
measured at PG plateau 45 mg/dl between C-pos and C-neg patients [5].

Glucagon suppression, between baseline and the first PG plateau 100 mg/dl, and glucagon
increase, between PG plateaus 100 to 45 mg/dl, were calculated within each group by using a
Wilcoxon-test [5].

The whole body glucose fluxes, EGP and Rd, were calculated according to Powrie et al.[113]
and the modified equation of Steele [114] [5,111]. The calculation of the EGP and Rd levels
were performed by Sophie Narath, of Joanneum Research Forschungsgesellschaft mbH

HEALTH—Institute for Biomedicine and Health Sciences, Graz, Austria [5].
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Mean EGP, Rd levels and the GIR were assessed for each patient and each plateau and
compared between C-pos and C-neg patients. Within each group, EGP suppression, from
baseline to first PG plateau 100 mg/dl, and EGP increase, between PG plateau 100 to 45 mg/dl,
were calculated by using a paired t-test. To calculate the increase of the Rd from PG plateau
100 to 45 mg/dl within each group, a Wilcoxon- test was used. For each patient, mean PG, TTR,
norepinephrine and epinephrine levels were assessed at baseline and at each PG plateau 100,
63, 45, 70 mg/dl and compared between C-pos and C-neg patients. Unfortunately, blood
samples of only 7 C-pos and C-neg patients were available for calculation of norepinephrine
and epinephrine levels. Overnight, every 30 minutes, mean PG levels were calculated and
compared between C-pos and C-neg patients by using a Mann-Whitney-U-test [5].

The area under the curve (AUC) for GIR (AUCg), for glucagon (AUCgucagon) and for EGP
(AUCEkgp) was calculated for each PG plateau by using the trapezoidal method [5].

The spontaneous glucose recovery was defined as the time at PG plateau 45 mg/dl — 15 min
after insulin infusion was stopped — until the end of the PG plateau 70 mg/dl, time point 10 [5].
Statistical support was provided by the statistician Thomas Augustin from Joanneum Research
Forschungsgesellschaft mbH HEAL TH—Institute for Biomedicine and Health Sciences, Graz,
Austria [5].

50



3. Results

3.1. Patients’ Characteristics

This study involved 10 C-pos and 11 C-neg patients with TIDM. Table 6 presents the

demographic and baseline characteristics of both groups. In C-pos patients, the mean fasting C-

peptide concentration was 0.16 £ 0.1 nmol/l, while in C-neg patients, it was 0.0 = 0.0 nmol/l.

The mean diabetes duration was 2.5 + 2 years for C-pos patients and 23.9 + 10 years for C-neg

patients. No patient was withdrawn during the study [5].

Table 6 Baseline Characteristics of C-pos and C-neg T1DM Patients.

Characteristic C-pos C-neg p — value
Subjects number (n) 10 11 -
Sex (male/ female) 5/5 5/6 NS
Age (years) 39.6+ 13 374+ 13 NS
Diabetes duration (years) 25+2 239+ 10

(range) (1-8) (11-37) =001
BMI (kg/m?) 23.6+1.8 25.0+£2.3 NS
C-peptide (nmol/l) 0.16 £ 0.1 0.00 + 0.0

(range) (0.05-0.36) (0.00-0.01) <0001
HbAi1c (%) 73+0.9 7.5+0.8 NS
HbA1. (mmol/mol) 56.3+9.8 58.5+8.7 NS
Daily basal insulin dose (U) 9.1+£4 245 +£12 0.002
(range) (0-15) (11-50)

Daily bolus insulin dose (U) 17.7+9 209+4 NS
(range) (5-36) (15-30)

Total daily insulin dose (U) 26.9+ 12 454+ 14 0.017
(range) (10-51) (26 -75)

Reproduced from [5] with permission of publisher Oxford University Press on behalf of the

Endocrine Society.

Data are mean + SD, (min - max); p-value of <0.05 was considered significant;
NS, not significant. “LOQ of the assay was = 0.017 nmol/l for C-peptide measurements.
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3.2. Run-In-Period

Overnight, PG levels were measured up to every 30 minutes, with no statistically significant

differences observed between the two groups at any time point (Figure 3) [5].
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Figure 3 PG Levels during the Overnight Run-In Period in C-pos and C-neg Patients.
Reproduced from [5] and adapted with permission of publisher Oxford University Press on
behalf of the Endocrine Society.

Mean PG levels, presented in mg/dl, measured every 30 minutes. Data are given as means +
SD; C-pos (grey); C-neg patients (black). Upper dash line (PG level of 130 mg/dl) and lower
dash line (PG level of 70 mg/dl).

Insulin infusion rates for normoglycaemia were compared, revealing that, as expected, C-pos
patients required less insulin than C-neg patients during the night (Figure 4). No hypoglycaemic

events occurred during the run-in-period [5].
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Figure 4 Insulin Infusion Rate (mU/kg/min) during the Overnight Run-In Period (every 30
minutes) in C-pos and C-neg Patients.

Reproduced from [5] and adapted with permission of publisher Oxford University Press on
behalf of the Endocrine Society.

Data are presented as means + SD; C-pos patients (grey); C-neg patients (black). Black arrow:
high insulin infusion was started to start with the hypoglycaemic clamp at 8:00 am.

3.3. Hypoglycaemic Clamp

3.3.1. Plasma Glucose (PG) levels, Tracer-To-Tracee Ratio (TTR) and

Glucose Infusion Rate (GIR)

The measured mean PG levels at baseline and at target PG plateaus of 100 and 70 mg/dl were
comparable between C-pos and C-neg patients (Table 7 and Figure 5a). However, at PG
plateaus 63 and 45 mg/dl, C-pos patients had significantly higher mean PG levels than C-neg
patients [5].

Mean TTR were similar in both groups at baseline and across all PG plateaus during the clamp

(Table 7 and Figure 5b) [5].
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AUCGIR did not shown any significant differences between C-pos and C-neg patients at each

PG plateau (Table 7 and Figure 5¢). During spontaneous glucose recovery - defined as the time

at PG plateau 45mg/dl - 15min after insulin infusion was stopped — until the end of the PG

plateau 70mg/dl, C-pos patients had lower AUCgr compared to C-neg patients [5].

Table 7 Plasma Glucose (PG) Levels, Tracer-to-Tracee Ratio (TTR) and Glucose Infusion
Rate (GIR) at Baseline and at each Target PG Plateau during the Hypoglycaemic Clamp in C-
pos and C-neg Patients [5].

Plasma Glucose

Tracer to Tracee Ratio

Glucose Infusion Rate

(mg/dl) (%) (AUC mg/kg)
target
PG-plateau C-pos C-neg p -value C-pos C-neg p - value C-pos C-neg p -value
value
Baseline
101.9+7.7 103.1£6.5 0.694 3.8+04 3.8+0.5 0.984 - - -
100 mg/dl
100 mg/dl 99.4+6.6 96.1+£5.2 0.108 45+£02 47+0.3 0.251 302.5+10 235.7+74 0.107
63 mg/dl 64.5+52 62.8+3.2 0.037 49+0.5 5.0+04 0.422 232.7+104 169.0 + 60 0.098
45 mg/dl 48.8+5.6 443+32 0.011 4.8+0.5 52+04 0.061 137.7 £ 21 142.02 £20 0.654
70 mg/dl 77.6+£5.2 783 +4.6 0.719 3.8+0.7 44+0.6 0.086 184+ 18 28.8+19 0.197
Glucose
- - - - - - 139.9 £ 87 2423 +£76 0.012
Recovery*

Data are presented as means + SD. P-value of <0.05 was considered significant. AUCGIR was
calculated with the trapezoidal method.*: as the time at PG plateau 45 mg/dl — 15 min after
insulin infusion was stopped — until the end of the PG plateau 70 mg/dl, time point 10.
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3.3.2. Glucagon Concentrations, Endogenous Glucose Production (EGP) and

Rate of Peripheral Glucose Disposal (Rd)

Overall glucagon levels were significantly lower in all TIDM patients during baseline and during
the hypoglycaemic clamp compared to previous performed studies [5,82,92,119,120].

C-pos patients had statistically significant higher mean glucagon concentrations at baseline
(normoglycaemia, low insulin) as well as during each PG plateau (100, 63, 45 and 70 mg/dl)
compared to C-neg patients (Table 8 and Figure 6a).

Both groups showed a statistically significant suppression in glucagon concentrations from
baseline to the PG plateau of 100 mg/dl (C-pos: baseline: 8.4 [+ 4.6] pmol/l, PG plateau 100 mg/dl:
3.3 [£2.1] pmol/l, p < 0.002; C-neg: baseline: 4.2 [+ 2.4] pmol/l, PG plateau 100 mg/dl: 0.7 [+ 0.8]
pmol/l, p <0.001).

From PG plateau 100 to 45 mg/dl and to recovery (PG plateau 70 mg/dl), C-pos patients had a
three (3.3 to 9.9 pmol/l, difference of 6.6) to fourfold (3.3 to 13.9 pmol/l, difference of 10.6)
increase in glucagon secretion.

In the C-neg patients, a fourfold to eightfold increase of glucagon secretion from the PG plateau
100 to 45 mg/dl (0.7 to 2.9 pmol/l, difference of 2.2) and to recovery PG plateau 70 mg/dl (0.7 to
5.7 pmol/l, difference of 5.0) have been revealed [5].

C-pos patients had significantly higher mean EGP rates at PG plateaus 45 and 70 mg/dl compared
with C-neg patients (Table 8 and Figure 6b). At baseline, at PG plateaus 100 and 63 mg/dl mean
EGP rate were comparable in both groups.

From baseline to PG plateau 100 mg/dl, a significant EGP suppression was observed within each
group (C-pos: baseline: 2.1 [+ 0.2] mg/kg/min, PG plateau 100 mg/dl: 0.5 [+ 0.3] mg/kg/min, p <
0.000; C-neg: baseline: 2.0 [+ 0.3] mg/kg/min, PG plateau 100 mg/dl: 0.3 [+ 0.3] mg/kg/min, p <
0.000).

From PG plateau 100 to 45 mg/dl, an statistically significant EGP increase in both groups were
seen (C-pos: PG plateau 100 mg/dl: 0.5 [+ 0.3] mg/kg/min, PG plateau 45 mg/dl: 0.9 [+ 0.6]
mg/kg/min, p < 0.012; C-neg: PG plateau 100 mg/dl: 0.3 [+ 0.3] mg/kg/min; PG plateau 45 mg/dl:
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0.5 [+ 0.1] mg/kg/min, p < 0.012). Additionally, a significant correlation between AUCggp and
AUClucagon Was observed in all TIDM patients (R2 =0.512; p < 0.001) (Figure 7) [5].

Mean Rd rates were comparable in C-pos and C-neg patients at baseline and at all PG plateaus
(100, 63, 45 and 70 mg/dl) during the hypoglycaemic clamp (Table 8 and Figure 6¢).

From PG plateau 100 to PG plateau 45 mg/dl, Rd significantly decrease in both groups (C-pos: PG
plateau 100 mg/dl: 10.6 [+ 3.3] mg/kg/min, PG plateau 45 mg/dl: 5.3 [+ 2.0] mg/kg/min, p <0.005;
C-neg: PG plateau 100 mg/dl: 8.1 [+ 2.4] mg/kg/min, PG plateau 45 mg/dl: 4.9 [+ 1.4] mg/kg/min,
p <0.003) [5].

Table 8 Glucagon Levels, Endogenous Glucose Production (EGP) and the Rate of Peripheral
Glucose Disposal (Rd) during the Hypoglycaemic Clamp at Baseline and at each PG plateau in C-
pos and C-neg Patients [5].

Glucagon levels (pmol/l) EGP (mg/kg/min) Rd (mg/kg/min)
target
PG-plateau | C-pos @ C-neg | p-value | C-pos C-neg | p-value | C-pos C-neg | p-value
value
Baseline
84+46 | 42+24 0.016 21+02  2.0+03 0.391 22+02 | 2.1+£03 0.378
100 mg/dl
100 mg/dl | 33+2.1  0.7+08 0.000 05+03  03+03 0.286 106+33  8.1+24 0.067
63mg/dl | 47+33  14+1.6 0.003 0.6+03 | 0.5+0.2 0.325 78+3.0 | 57+18 0.073
45 mg/dl 99+96 | 29+3.0 0.010 09+06 | 0.5+0.1 0.037 53+£20 | 49+14 0.614
139+
70 mg/dl 5o 57+4.8 0.002 21+0.6  1.3+0.7 0.013 48+1.6  50%13 0.836

Data are presented as means + SD. P-value of <0.05 was considered significant.
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3.3.3. Norepinephrine and Epinephrine Concentrations

At baseline, mean norepinephrine levels were statistically significant higher in C-pos than in C-
neg patients (Table 9 and Figure 6d). At PG plateau 100, 63, 45 and 70 mg/dl, no differences were
observed between the groups [5].

Mean epinephrine levels were statistically significant higher in C-pos than in C-neg patients at PG
plateau 100 and 70 mg/dl (Table 9 and Figure 6¢). At baseline, at PG plateau 63 and at PG plateau

45 mg/dl, no differences were seen between the groups [5].

Table 9 Norepinephrine and Epinephrine Concentrations during the Hypoglycaemic Clamp at each
PG Plateau in C-pos and C-neg Patients [5].

Norepinephrine (pg/ml) Epinephrine (pg/ml)
target
PG-plateau C-pos C-neg p - value C-pos C-neg p - value
value
Baseline
153 +34 114 £ 74 0.038 7.3+£17.5 19.6 £ 8.9 0.315
100 mg/dl
100 mg/dl 168 + 34 136+ 58 0.226 36.7+8.7 20.0+9.2 0.004
63 mg/dl 229 + 60 166+ 73 0.107 55.0+37.9 27.6+9.7 0.073
45 mg/dl 261 + 60 171 £ 106 0.128 96.6 + 62.1 43.5+20.1 0.227
70 mg/dl 246 + 53 178 + 88 0.103 79.4 +20.1 43.5+20.1 0.006

Data are presented as means + SD. P-value of <0.05 was considered significant. Blood samples for
detecting norepinephrine were only available in 7 C-pos and 7 C-neg patients.
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Figure 7 Linear Regression of AUCglucagon and AUCEggp in all Type 1 Diabetes Patients.
Reproduced from [5] with permission of publisher Oxford University Press on behalf of the

Endocrine Society.

All patients (n: 21) were included. C-pos: empty circle (n = 10), C-neg: full circle (n = 11).
AUCglucagon: defined as the sum of the AUCs of glucagon concentrations at the plateaus 100,
63, 45 and 70 mg/dl. AUCgcp was defined as the sum of the AUCs of EGP at the plateaus 100,

63, 45 and 70 mg/dl.

3.3.4. Hypoglycaemic Awareness and Hypoglycaemic Symptoms Score

According to the hypoglycaemic awareness, all patient answered “no” to the question “Do you
feel hypoglycaemia?” at PG plateau 100 mg/dl. At PG plateau 45 mg/dl, 12 patients (57.1%) of
all patients answered with “yes”, regardless of their C-peptide status (Table 10) [5].

The hypoglycaemic symptom score increased from PG plateau 100 to 45 mg/dl in both groups,

but was comparable at each PG plateau during the hypoglycaemic clamp between both groups

[5].
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Table 10 Hypoglycaemic Awareness at each PG plateau during the Hypoglycaemic Clamp in
C-pos and C-neg Patients [5].

target C-pos C-neg
PG-Plateau value Yes (No) Yes (No)
PG 100 mg/dl 0(11) 0(10)
PG 63 mg/dl 1 (10) 1(9)
PG 45 mg/dl 7(4) 5(5)
PG 70 mg/dl 4(7) 2(8)

Descriptive data from all patients (n=21). Hypoglycaemic awareness was assessed with the
Question “Do you feel any hypo?”.
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4. Discussion

The main finding of our study was that C-pos T1DM patients had significantly higher glucagon
levels during hypoglycaemia compared to C-neg TIDM patients. This likely led to a
significantly greater EGP response in the C-pos group [5].

Additionally, significantly lower glucagon levels were observed in all patients, regardless of
their C-peptide status, at baseline and during the hypoglycaemia clamp compared to previous

performed studies [5,82,92,119,120].

At baseline (normoglycaemia, low insulin) and at each PG plateau during the hypoglycaemic
clamp, glucagon levels were significantly higher in C-pos compared to C-neg patients [5].
Interestingly, glucagon levels decreased from baseline (normoglycaemia, low insulin) to the
first PG plateau of 100 mg/dl (high insulin) in both groups, in response to the high insulin
infusion. In the C-pos group, glucagon secretion then increased three to fourfold from the PG
plateau 100 to 45 mg/dl (3.3 to 9.9 pmol/L, difference of 6.6) and to recovery PG plateau 70
mg/dl (3.3 to 13.9 pmol/L, difference of 10.6). The C-neg patients showed a fourfold to
eightfold increase of glucagon secretion from the PG plateau 100 to 45 mg/dl (0.7 to 2.9 pmol/L,
difference of 2.2) and to recovery PG plateau 70 mg/dl (0.7 to 5.7, difference of 5.0) [5].

The results of reduced (due to high insulin infusion) but responsive (due to low blood glucose)
glucagon secretion during both, euglycaemia and hypoglycaemia in TIDM patients were in
contrast with the commonly described literature [80,86,92]. They reported that T1DM patients
had hyperglucagonaemia irrespective their glycaemic levels and C-peptide status [91,92].

Our results suggest that the alpha-cells from the Langerhans islets remained responsive to
insulin and hypoglycaemia in all our patients with TIDM. This interpretation is supported by
the greater glucagon levels revealed in our C-pos compared to the C-neg patients and by the

small but still responsive glucagon response during hypoglycaemia in the C-neg patients [5].

In accordance with our results, Madsbad et al.[119] investigated the counterregulatory response
to induced hypoglycaemia in TIDM patients with and without endogenous beta-cell function
and found also a greater glucagon response in C-pos compared to C-neg patients during
hypoglycaemia. However, overall glucagon levels were much higher in their patients compared

to ours, and no differences were found between the two groups during glucose recovery (from
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hypoglycaemia to normoglycaemia). Additionally, neither EGP nor the Rd were analysed
during the hypoglycaemic clamp [5].

In contrast, in our study, the C-pos patients had a statistically significant greater glucose
recovery, as shown by a reduced AUCgRr, compared to C-neg patients. Moreover, we applied
a stable isotope tracer technique during the hypoglycaemic clamp, allowing us to calculate both
the EGP and the Rd. We observed in our patients that C-pos patients exhibited higher EGP at
both targeted PG plateaus of 45 and 70 mg/dl compared to C-neg patients which likely explains
the reduced AUCgrr, observed in the C-pos group [5].

One explanation for these differences may lie in the varying experimental setups used to induce
hypoglycaemia. Madsbad et al. [119] administered a high insulin infusion, but stopped it when
patients showed symptoms of hypoglycaemia, irrespective of their PG levels. In contrast, we
induced stepwise hypoglycaemia using a constant high insulin infusion and a variable glucose
infusion to achieve target glucose plateaus of 100, 63, 45 and 70 mg/dl. As a result, our clamp
and the duration of the hypoglycaemia for each T1DM patient, was much longer, which may

explain the differences in the findings [5].

Interestingly, at baseline (normoglycaemia, low insulin), C-pos patients had higher glucagon
levels than C-neg patients after an overnight of normoglycaemia (run-in-period), maintained
with a low insulin infusion as needed [5]. One might expect that under euglycaemic conditions,
T1DM patients with increased C-peptide levels compared to C-neg patients would have lower
plasma glucagon levels due to the effect of insulin-induced suppression of glucagon secretion,
but that was not the case. This result was in line with a previous described study, which showed
that healthy subjects have higher glucagon levels than T1DM patients during an euglycaemic
state [121].

In healthy individuals, the regulation of glucagon secretion is a complex interplay between
direct signaling within the alpha-cells themselves and indirect, reciprocal signaling from beta-
cells to alpha-cells [89]. One hypothesis regarding the disruption of this alpha-beta axis in
T1DM patients is that the loss of beta-cell signalling leads to an absence of a beta-cell “switch-
off” trigger, resulting in an increase of intra islet basal glucagon release [122]. Other possible
contributors for the disturbed alpha-beta cell axis may be impaired PG sensing in the alpha-

cells [76] and/or autonomic dysfunction [123].

63



In general, healthy individuals release endogenous insulin directly into the portal circulation,
resulting in portal vein insulin levels that are approximately four times higher than systemic
insulin levels [124]. However, with exogenous insulin therapy in TIDM patients, the
mechanism is different, because the natural ratio of portal-to-systemic insulin is lost. This
means that the direct actions of insulin on the liver to suppress EGP might be lessened.
Therefore, in C-neg patients higher exogenous insulin doses are needed during euglycaemia to
have a similar suppressive effect on the EGP in comparison to C-pos patients, but they result in
higher systemic insulin concentrations. However systemic higher insulin concentrations in C-
neg patients have greater effects on the alpha-cells to suppress glucagon secretion, thus resulting
in lower glucagon concentration in C-neg compared to C-pos patients. This explanation is
supported by our finding that C-neg patients needed more i.v. insulin during the night at
euglycaemia prior to the hypoglycaemic induction than C-pos patients. This mechanism could
be the reason, why our C-pos patients had higher glucagon levels during euglycaemia than the

C-neg patients [5].

Further, we analyzed the relationship between the glucagon response and the EGP response
during hypoglycaemia in our T1DM patients and found, that patients with a greater glucagon
response had a higher EGP response, further emphasizing the relationship between glucagon
and EGP.

Two subjects had particularly high glucagon levels compared to the other patients, suggesting
an even greater response to hypoglycaemia. While one might assume these two subjects are
outliers, the glucagon response in healthy subjects is even higher than those two highest found
in our study [125]. Therefore, these two data points should not be considered as outliers.
However, the question arises as to how the study results would differ with a wider range of

glucagon responses to hypoglycaemia in TIDM patients. [5]

In comparison to previous performed studies, we observed much lower glucagon levels in all
of our patients during the study [82,92,119,120], which can likely be attributed to the use of the
highly sensitive double-antibody sandwich ELISA (Mercodia) for measuring glucagon [5].
Commonly used assays often detect extended or truncated glucagon forms, rather than solely
measuring intact glucagon concentrations, which can lead to artificially elevated glucagon

levels, potentially distort the interpretation of glucagon’s role in TIDM patients [126,127].
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Additionally, it would be interesting to know what glucagon levels measured with the sensitive
assay look like in healthy individuals during hypoglycaemia, as current evidence is based
mainly on older studies [81,119]

Brunner et al. [117] compared fasting plasma glucagon levels in healthy individuals, TIDM
and T2DM patients by using two different glucagon assays: an ELISA (Mercodia — the same
we used in our study) and a MP Biomedicals radioimmunoassy (RIA). The results showed that
the ELISA produced significantly lower overall glucagon levels compared to the RIA, with the
glucagon levels measured using the ELISA aligning closely with those of the C-pos patients in
our study [117].

Consistent with our finding, Holst JJ’s research group validated the glucagon ELISA from
Mercodia against other assays [104] and generally observed also similar low glucagon
concentrations.

These findings emphasize the importance of carefully selecting precise laboratory methods for

glucagon measurement [5].

We found no significant differences in the Rd between the groups across the PG plateaus,
although C-pos patients exhibited a trend lower the Rd at PG plateaus 100 and 63 mg/dl
compared to C-neg patients.

Additionally, C-pos patients tended to have slightly lower HbA ¢ levels than C-neg patients (7.3
+0.9 vs. 7.5 £ 0.8, mean + SD). Since lower HbA . values are generally associated with higher
insulin sensitivity indices [128], the observed trend towards higher Rd at PG plateau 100 and
63 mg/dl in C-pos patients may be explained by a possibly higher insulin sensitivity in C-pos
compared to C-neg patients [5].

Both groups showed an increase in the Rd from baseline (normoglycaemia, low insulin) to the
first PG plateau 100 mg/dl (high insulin), reflecting the effect of high insulin levels during
normoglycaemia in the patients. Furthermore, a statistically significant decrease in Rd was

observed within both groups when PG levels dropped from 100 to 45 mg/dl [5].

Another potentially disturbed pathophysiological mechanism against hypoglycaemia in T1IDM
is the response of epinephrine and norepinephrine concentrations. In healthy individuals, the
release of epinephrine and norepinephrine concentrations in response to hypoglycaemia

enhances the EGP and reduces the Rd, helping to increase low PG levels [69,129].
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It has been reported that patients with newly diagnosed T1DM had an intact hormonal response
of epinephrine and norepinephrine levels to hypoglycaemia. However, in patients with long-
standing T1DM, the response can be impaired [73,80,95].

In our patients, overall norepinephrine and epinephrine concentrations during the
hypoglycaemic clamp tended to be lower in C-neg patients than in C-pos patients, but were
only statistically significant in epinephrine concentrations at PG plateaus of 100 and 70 mg/dl
and in norepinephrine concentrations at baseline (normoglycaemia, low insulin).

Our results suggest that the responses of epinephrine and norepinephrine concentrations may
also contribute to the higher EGP response in C-pos compared to C-neg patients during
hypoglycaemia. Of note, this analysis was limited by a smaller samples size, with only 7 C-pos
and 7 C-neg patients available. A larger sample size would be necessary for further clarification
[5].

Notable, during the hypoglycaemic clamp, both C-pos and C-neg patients had similar

hypoglycaemic awareness and similar hypoglycaemic symptoms [5].

In this study, a standardized hyperinsulinaemic stepwise hypoglycaemic clamp was performed
to induce hypoglycaemia in both, C-pos and C-neg patients [5].

To calculate the EGP and Rd in both groups, a stable isotope tracer technique was applied
during the clamp. The TTR, as shown in Figure 5b, differed between the PG plateaus, but were
stable within each PG plateau, allowing us to apply the modified equation of Steele to calculate

the whole body glucose fluxes (EGP and Rd) in both groups [5,113,114].

Mean PG levels were similar in both groups, at baseline and at target PG plateaus of 100 and
70 mg/dl. However, at PG plateaus 63 and 45 mg/dl, C-pos patients had higher mean PG values
than C-neg patients. These differences highlight how challenging it was to achieve low blood
glucose levels during the clamp in the C-pos patients compared to C-neg patients, even though
the high insulin infusion (1.5 mU/kg/min) was administered [5].

The C-pos patients, as previously described, had significant higher glucagon levels and showed
a trend towards increasing norepinephrine and epinephrine levels. These results might
contribute to a more pronounced EGP response than in the C-neg patients, resulting in the
statistically significant higher PG levels at those plateaus (PG plateaus 63 and 45 mg/dl), while
the GIR was similar in both groups.

66



Thus, we assume that our C-neg patients had a greater impaired counterregulation to
hypoglycaemia than the C-pos patients, which indicates that preserved beta-cell function may

contribute to counterregulation during hypoglycaemia in patients with type 1 diabetes [5].

Unfortunately, insulin concentrations were not measured during the clamp. However, the
influence of subcutaneously administered insulin during the clamp can be ruled out, as patients’
own subcutaneous insulin therapy was adjusted in advance, if necessary.

None of the patients used ultra-long-acting insulin, and all patients were instructed not to
administer long-acting or intermediate-acting insulin after 08:00 in the morning on the study
day 1. Additionally, the last short-acting insulin injection was administered together with the
last meal at 05:00 pm on the study day 1. Upon arrival at the study center, all exclusion criteria,
particularly the insulin administration including the required adjustments prior the study, were
carefully controlled to eliminate possible interfering subcutaneous insulin levels during the
study. Furthermore, during the overnight run-in phase, insulin infusion rates showed, as
expected, that C-pos patients needed less exogenous insulin than C-neg patients, while both
groups had similar blood glucose levels throughout the night. Based on this observation, we
assume that subcutaneous insulin did not affect either the run-in phase or the hypoglycaemic
clamp [5].

Hother-Nielsen et al. [130] and Bell et al. [131] demonstrated that a high insulin infusion,
comparable to the one we used in our study, almost entirely suppressed endogenous insulin
secretion in healthy subjects during a hyperinsulinaemic clamp at normoglycaemia.

Therefore, we suppose a similar suppressive effect in our clamp procedure due to the high
insulin infusion (1.5 mU/kg/min). We assume that the endogenous insulin secretion for our C-
pos patients was suppressed at normoglycaemia with the high insulin infusion, resulting in
similar insulin concentrations in both groups at PG plateau 100 mg/dl.

Although insulin concentrations were not measured during the clamp, we can assume that due
to the high insulin infusion during the clamp and the most likely suppression of the endogenous
insulin secretion in C-pos patients, the insulin levels were comparable in both groups. Thus, we
suppose that the results for EGP, Rd and GIR were not influenced by different insulin

concentrations of both groups but were due to glucagon stimulation [5].
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In order to ensure that only T1DM patients were included in the study, all patients had a history
of acute hyperglycaemia with ketonuria at the time of initial TIDM onset, required daily

subcutaneous insulin and had a BMI between 21.8 and 27.3 kg/m? at screening visit [5].

The C-pos patients were identified based on residual endogenous insulin secretion, defined as
a fasting C-peptide level of 0.05 nmol/l or higher at screening visit. The C-neg patients were
identified with a fasting non- detectable C-peptide level (lower limit of quantification was 0.017
nmol/l) at screening visit [5].

Finding C-pos patients for the study was challenging, as C-peptide positivity typically persists
for only a short period of time during the course of the disease. Nevertheless, we successfully
found 10 C-pos patients with a mean fasting C-peptide value of 0.16 nmol/L (range: 0.05-0.36
nmol/l). These C-peptide levels in our C-pos patients are consistent with the relatively short
mean diabetes duration (2.5 + 2 years), as well as a significantly lower total daily insulin
requirement (26.9 + 12 IU) compared to our C-neg patients (diabetes duration 23.9 + 10 years;
total daily insulin requirement: 45.4 &+ 14 1U) [5].

To minimise confounding factors during the study, several exclusion criteria were established
in the study protocol. No severe hypoglycaemic event was allowed within one month prior to
screening visit (V1) and to the hypoglycaemic clamp visit (V2). No patient was allowed to have
more than one severe hypoglycaemic event during the last 12 months and T1DM patients with
hypoglycaemic unawareness were excluded from the study. Additionally, no hypoglycaemic
event was allowed to take place later than 10:00 in the morning prior to the study day 1 (V2),
otherwise the patient’s visit would have been rescheduled. As reported in Figure 3, no patient
experienced a hypoglycaemic event during run-in-period overnight.

Regarding these protocol criteria and observations, we suppose that our study results were not
influenced by previously occurred hypoglycaemic events prior the study and by hypoglycaemic

unawareness of the patients [5].

Based on our results, we gained a better pathophysiological understanding of the differences
between C-pos and C-neg patients during hypoglycaemia in TIDM. These findings provide
valuable insights into how residual beta-cell function may influence counterregulatory

mechanisms during hypoglycaemia.
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We hypothesise that the glucagon concentrations and EGP may be even more pronounced
during hypoglycaemia in newly diagnosed T1DM patients or those with a shorter duration of
diabetes and higher C-peptide secretion [5].

Furthermore, we have developed a methodology at the Clinical Trials Unit at the Medical
University of Graz for the accurate assessment of EGP and Rd during hypoglycaemia in TIDM
patients. This approach allows us to explore the underlying processes occurring during
hypoglycaemic episodes and to evaluate the effects of potential therapeutic interventions, such

as the administration of a GLP-1 analogue, on these mechanisms [5].

In 2015, a randomized, double-blind, placebo-controlled, crossover dose-finding study was
conducted at the Clinical Trials Unit [92]. The study involved a four-week subcutaneous
liraglutide therapy, a GLP-1 analogue, as add on to insulin therapy (with varying doses across
three different arms) versus placebo in patients with long-standing TIDM. A hyperinsulinaemic
stepwise hypoglycaemic clamp was performed at the end of the 4-week treatment period. The
results revealed that patients treated with liraglutide had a similar counterregulatory response
to hypoglycaemia as the placebo group, addressing the concern of whether liraglutide may
negatively affect counterregulation during hypoglycaemic episodes.

Interestingly, however, patients treated with liraglutide had a significantly lower GIR during
the clamp compared to the placebo group. This finding raised the question of why liraglutide-
treated patients had a one-third lower GIR during the clamp despite comparable blood glucose
levels. One hypothesis proposed that this may be due to an increase in EGP and/or a reduction
in Rd induced by liraglutide treatment. However, at the time, the investigation of EGP and Rd
was not part of the study’s primary research focus [92].

The measurement of EGP and Rd during a standardized hypoglycaemic clamp in TIDM
patients enabled us to investigate this question in greater detail, as explored in the study by Zenz
et al. in 2022 [132]. However, the results did not replicate those observed in C-neg TIDM
patients in the 2014 study [92], as no significant differences in GIR, EGP, or Rd were found
between the liraglutide and placebo treatment groups during hypoglycaemia. Nevertheless, the
study provides additional insight into the metabolic effects of a 3-month liraglutide treatment

in C-peptide-positive TIDM patients [132].
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This methodological approach holds great potential for improving our understanding of

diabetes-related complications and for the development of more targeted treatment strategies

[5].

This dissertation has several limitations that should be emphasized.

We did not perform a glucagon stimulation test to stimulate endogenous insulin secretion for
quantification of C-peptide in our patients. However, measuring fasting C-peptide is a validated
method [5,37,39].

Additionally, it would have been valuable to recruit C-pos patients with a broad range of
glucagon responses during hypoglycaemia and to compare these groups with a healthy control
group to further investigate our research question [5].

The sample size in this study is relatively small, and a larger patient cohort would be of interest.
However, finding C-pos patients with residual endogenous insulin function was challenging for
the study [5].

Another limitation is that insulin concentrations and C-peptide levels were not measured during
the clamp. While insulin infusion rates during the run-in period were available and provided
insights into the two patient groups, with C-pos patients requiring less exogenous insulin than
C-neg patients as expected, these data do not offer information regarding the experimental setup
during hypoglycaemia [5].

Furthermore, measuring cortisol and growth hormone would have been of interest [5].

Finally, assessing diabetes autoantibodies at the screening visit would have been informative.
However, due to the inclusion and exclusion criteria, only patients with typical TIDM onset
history and clinical symptoms were enrolled. Therefore we assume that only "true" T1DM

patients we included [5].

In conclusion, C-pos TI1DM patients had significantly higher glucagon concentrations during
induced hypoglycaemia and, as a result, a higher EGP compared to C-negative TI1DM patients.
However, C-neg T1DM patients also exhibited a smaller but still notable increase in glucagon
concentrations and EGP during hypoglycaemia.

Additionally, our findings revealed that during euglycaemia phase (high insulin), an insulin-

dependent suppression of glucagon levels occurred in both groups. Furthermore, we observed
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significantly lower overall glucagon concentrations throughout the hypoglycaemic clamp, most
likely due to use of a specific and highly sensitive glucagon ELISA.

These results indicate that alpha-cells in the islets of Langerhans remain responsive to insulin
and low glucose levels, and that preserved beta-cell function may play a significant role in
counterregulation during hypoglycaemia in patients with TIDM. Further studies are needed to
investigate the role of C-peptide status in the glucagon response and its impact on EGP in

T1DM patients during hypoglycaemia [5].
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6. Appendix

6.1. Informed Consent

PatientInneninformation' und Einwilligungserklirung zur Teilnahme

an der klinischen Priifung

Eine offene?, monozentrische® Pilotstudie? um die endogene Glucose Produktion®
wiithrend einer hypoglykimischen Reaktion® bei Typ 1 Diabetikern zu untersuchen

Sehr geehrte Patientin, sehr geehrter Patient!

Wir laden Sie ein an der oben genannten klinischen Priifung teilzunehmen. Die Aufkldrung
dariiber erfolgt in einem ausfiihrlichen arztlichen Gesprich.

Ihre Teilnahme an dieser klinischen Priifung erfolgt freiwillig. Sie konnen jederzeit ohne
Angabe von Griinden aus der Studie ausscheiden. Die Ablehnung der Teilnahme oder ein
vorzeitiges Ausscheiden aus dieser Studie hat keine nachteiligen Folgen fiir Ihre
medizinische Betreuung.

Klinische Priifungen sind notwendig, um verléssliche neue medizinische Forschungsergebnisse
zu gewinnen. Unverzichtbare Voraussetzung fiir die Durchfithrung einer klinischen Priifung ist
jedoch, dass Sie Ihr Einverstéindnis zur Teilnahme an dieser klinischen Priifung schriftlich
erkldren. Bitte lesen Sie den folgenden Text als Ergénzung zum Informationsgesprach mit
Threm Priifarzt sorgféltig durch und zdgern Sie nicht Fragen zu stellen.

Bitte unterschreiben Sie die Einwilligungserklarung nur
- wenn Sie Art und Ablauf der klinischen Priifung vollstindig verstanden haben,
- wenn Sie bereit sind, der Teilnahme zuzustimmen und

- wenn Sie sich tiber Thre Rechte als Teilnehmer an dieser klinischen Priifung im Klaren
sind.

! Wegen der besseren Lesbarkeit wird im weiteren Text zum Teil auf die gleichzeitige Verwendung weiblicher
und ménnlicher Personenbegriffe verzichtet. Gemeint und angesprochen sind — sofern zutreffend — immer beide
Geschlechter

2 Offen bedeutet, dass sowohl Sie als auch Ihr Studienarzt wissen welche Priifmedikation Sie erhalten

3 Monozentrisch: diese klinische Studie wird nur an einem Studienzentrum durchgefiihrt

4 Bine Vorstudie mit vorausgehende Untersuchungen, in der alle in Betracht kommenden, wichtigen Faktoren
zusammengetragen werden

5 Endogene Glucose Produktion: Der vom Korper selbststindig produzierte Zucker

% Hypoglykdmische Reaktion: Unterzuckerung
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Zu dieser klinischen Priifung, sowie zur Patienteninformation und Einwilligungserklarung
wurde von der zustdndigen Ethikkommission eine befiirwortende Stellungnahme abgegeben.

1. Was ist der Zweck der klinischen Priifung?

Der Zweck dieser Studie ist es die Methodik zur Bestimmung der endogene Glukoseproduktion
wihrend eines hypoglykdmischen Clamps in Typ 1 Diabetes Mellitus Probanden zu bestimmen.

2. Welche anderen Behandlungsmoglichkeiten gibt es?

Zur Behandlung Threr Erkrankung konnen Sie mit lhrer standardisierten Diabetestherapie
fortfahren.

3. Wie liduft die klinische Priifung ab?

Diese klinische Priifung wird an der Univ.Klinik fiir Innere Medizin, Abteilung fiir
Endokrinologie und Stoffwechsel unter der Leitung von Herrn Univ.Prof.Dr.Thomas R. Pieber
durchgefiihrt.

Vor Aufnahme in diese klinische Priifung wird die Vorgeschichte Threr Krankheit erhoben, und
Sie werden einer umfassenden érztlichen Untersuchung unterzogen.

Ihre Teilnahme an dieser klinischen Priifung wird voraussichtlich 4 Wochen dauern.
Folgende MaBlnahmen werden ausschlielich aus Studiengriinden durchgefiihrt:
Bei der Clampvisite miissen Sie folgende Anweisungen einhalten:
- Vermeiden Sie starke korperliche Betdtigung ab 10:00 (morgens), 1 Tage vor der

Clampvisite, Visite 2

- Vermeiden Sie den Konsum von Alkohol ab 10:00 Uhr (morgens), 1 Tage vor der
Clampvisite, Visite 2

- Vermeiden Sie den Konsum von Kaffee, Tee, Schokolademilch oder Energiegetréinke,
ab 10:00 (morgens), 1 Tage vor der Clampvisite, Visite 2

- Bitte erscheinen sie niichtern (beinhaltet kein Essen und keine Getranke, auB3er Wasser)
spéter als 17:00 Uhr am Tag 1 der Clampvisite, Visite 2

- Vermeiden Sie langwirksame Insulin, NPH insulin oder sonst ein mittelwirksames
Insulinprodukt spéter als 08:00 morgen am Tag 1 der Clampvisite, Visite 2

- Vermeiden Sie kurzwirksames Insulin, spéter als 17:00 am Tag 1 der Clampyvisite, Visite
2

- Vermeiden Sie subkutane Insulininfusion spiter als 17:00 fiir Probanden, welche
Insulinpumpe (CSII) verwenden am Tag 1 der Clampvisite, Visite 2

- Vermeiden Sie Hypoglykdmie (BG < 63 mg/dl oder PG < [170mg/dl) spéter als 10:00
Uhr morgens am Tag 1, der Clampvisite, Visite 2
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Visite 1: Screening- (Einschluss-) Visite

Zur Einschlussuntersuchung kommen Sie bitte ins Clinical Research Centre der
Medizinischen Universitit Graz, Stiftingtalstrasse 24 /1. OG, 8010 Graz.

Bei dieser Visite wird eine Einschlussuntersuchung durchgefiihrt um festzustellen, ob Sie
fiir diese Studie geeignet sind. Zu diesem Zweck werden Einschluss- und
Ausschlusskriterien {berpriift, medizinische Daten (Alter, Gewicht, GroBe, etc.),
Vorerkrankungen bzw. aktuelle Erkrankungen und aktuell eingenommene Medikamente
erhoben. Nach einer korperlichen Untersuchung (inklusive Blutdruck-, Herzfrequenz- und
Korpertemperaturmessung), werden ein EKG (Aufzeichnung des Herzrhythmus), ein
Atemalkoholtest, sowie eine Urinanalyse durchgefiithrt und Serumwerte und Blutbild
(inklusive C-Peptid, HbAlc, Hepatitis B und C, bestimmt. Weiters wird auch ein HIV und
Drogentest durchgefiihrt. Sie werden iiber das HIV-Testergebnis nach den gesetzlichen
Richtlinien informiert werden. Bei gebérfidhigen Frauen wird ein Urin-Schwangerschaftstest
durchgefiihrt. Bei dieser Untersuchung werden Ihnen insgesamt 23,5ml Blut entnommen.
Das entspricht in etwa einem Essloffel.

Visite 2: Hypoglykdmische Clamp Visite

Um ca. 20:00 werden Sie gebeten sich in unser Clinical Research Centre zu begeben.
Ungefdahr um 22:00 Uhr wird Thnen dann an jeder Hand ein venoser Zugang gelegt. Die erste
Kantile wird zur Blutabnahme verwendet um Blutzucker, deuterierte Glukose7 und
Glukagon8 zu messen. Diese Hand wird wihrend des Clamps in eine Heizdecke gewickelt.
Die zweite Kaniile wird zur Infusion von Insulin (kurzwirksames Normalinsulin, Actrapid®)
und Glucose verwendet. Danach wird eine variable intravendse Infusion (Fliissigkeitszufuhr
in eine Vene die mit unterschiedlicher Geschwindigkeit erfolgt) von Glukose und
Humaninsulin verabreicht, um einen Plasma Glukose Level von 5,5mmol/L (100mg/dl) bis
zum néchsten morgen ca. 08:00 Uhr zu erreichen (Tag 2).

Um 05:00 Uhr morgens, am Tag 2, erhalten Sie zusétzlich eine Glukoseinfusion, welche mit
deuterierten Glukose versehen ist. Zu Begin werden Sie fiir eine Minute einen Bolus dieser
Glukoselosung erhalten und danach werden Sie eine konstante Rate dieser Losung
intravends verabreicht bekommen, bis zur Iletzten Blutabnahme nach dem
hypoglykdmischen Clamp.

An Tag 2, zwischen 08:00 und 10:00 Uhr morgens wird mit dem hypoglykdmischen Clamp
(Unterzuckerungsuntersuchung) begonnen. Indem Sie eine hohere Rate an i.v. Insulin
(Actrapid) erhalten. Thre Plasmaglukose soll ungefihr eine Stunde bei 100mg/dl liegen,
welche mit einer variablen Glukoseinfusion i.v. erlangt wird. Diese Glukose ist abermals mit
deuterierter Glukose vermischt. Nach ca. 1h wird die Glukoseinfusion beendet und infolge
der Wirkung der Insulininfusion kann der Plasmaglukosewert auf 63 mg/dl sinken. Nach 30
Minuten stabiler Plasmaglukosewerte, kann der Wert weiter auf 45mg/dl fallen, wo die

7 Eine Zuckerart die im Koérper in sehr kleinen, vernachldssigbaren Mengen produziert wird. Bringt man diese
kiinstlich hergestellte Zuckerart in den Korper ein, wird sie von den Korperzellen gleich wie der normale Zucker
aufgenommen und verarbeitet. Die Messung der beiden Zuckerarten im Blut erlaubt die Bestimmung der
Produktionsraten des normalen Zuckers im Korper.

8 Glukagon ist ein Hormon, das vom Kéorper produziert wird, um den Blutzuckerspiegel zu erhéhen.

87




Plasmaglukose wieder fiir 15-30 Minuten stabilisiert wird. Die Insulininfusion wird nach 15
Minuten bei 45mg/dl abgeschalten und Thre Blutglukose kann wieder spontan steigen. Wenn
nach 60 Minuten bei 45mg/dl ihr Plasmaglukosewert nicht gestiegen ist, wird mit einer
Glukoseinfusion begonnen. Bei einem Blutzuckerwert von 72mg/dl werden die letzten zwei
Blutabnahmen statt finden. Sobald danach ein Wert von 100mg/dl erreicht ist, wird dieser
Wert beibehalten bis es vom Priifarzt als sicher erachtet wird den hypoglykdmischen Clamp
zu beenden. Nach der Beendigung des hypoglykdmischen Clamps wird Thnen eine Mahlzeit
serviert und der Clamp ist beendet. Wéahrend des Clamps diirfen Sie wegen der strengen
Blutglukose Kontrolle nichts essen und sich nur liegend in Threm Bett befinden. Jedoch
diirfen Sie soviel Wasser und Mineralwasser trinken wie Sie wiinschen.

Wihrend der geplanten Unterzuckerung werden zu den genannten Blutzuckerlevels,
Blutabnahmen stattfinden, um ihren Blutzuckerwert zu bestimmen und weiters werden
Blutabnahmen stattfinden um Glukagon9 und die deuterierte Glukose10 in Threm Korper zu
messen. Zusétzlich, zu Threr Sicherheit, werden hypoglykdmische Symptome und
Wahrnehmung, Blutabnahmen zur Messung Thres Kaliums und Messungen des Blutdrucks
und Pulses durchgefiihrt. Eine EKG (Untersuchung der Herzaktivitit) Uberwachung wird
wihrend der gesamten Zeit der Unterzuckerung durchgefiihrt.

Aus Sicherheitsgriinden wird Thr Studienarzt Sie {iber Dosierung und Verabreichung nach
dem Clamp aufkliren. Thr betreuender Studienarzt wird Sie weiters iiber Anderungen IThres
Gesundheitszustandes und jeglicher neuen Medikation befragen bevor Sie nach dem Clamp,
Tag 2, nach Hause entlassen werden. Sie sollten nun wieder Ihre gewohnte
Insulinbehandlung fortsetzen und die Dosierung mit Threm Studienarzt besprechen.
Wihrend des gesamten Hypoclamps werden Thnen 148 ml Blut entnommen. Das entspricht
in etwa 10 Essloffel.

Visite 3: Follow-up Visite

Die Abschlussvisite wird 3-10 Tage nach Visite 2 stattfinden. Nach einer korperlichen
Untersuchung (inklusive Blutdruck-, Puls- und Temperaturmessung) wird ein EKG
durchgefiihrt, das Korpergewicht ermittelt und eine Blut- sowie eine Harnprobe genommen
um Thre Blut- und Harnwerte zu ermitteln. Bei gebédrfdhigen Frauen wird ein
Schwangerschaftstest anhand eines Urintests durchgefithrt. Die Test Resultate der
Einschluss- und Abschlussuntersuchung werden am Studienzentrum mit Thren
medizinischen Unterlagen aufbewahrt. Sie konnen diese Ergebnisse gemeinsam mit Threm
Arzt besprechen. Bei dieser Untersuchung werden lhnen 11ml Blut entnommen. Das
entspricht in etwa einem Essloffel.

Nach dieser Visite ist Ihre Teilnahme an dieser klinischen Studie beendet.

? Glukagon ist ein Hormon, das vom Ké&rper produziert wird, um den Blutzuckerspiegel zu erhdhen.

10 Eine Zuckerart die im Korper in sehr kleinen, vernachldssigbaren Mengen produziert wird. Bringt man diese
kiinstlich hergestellte Zuckerart in den Korper ein, wird sie von den Korperzellen gleich wie der normale Zucker
aufgenommen und verarbeitet. Die Messung der beiden Zuckerarten im Blut erlaubt die Bestimmung der
Produktionsraten des normalen Zuckers im Korper.
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4. Was ist Actrapid®?

Actrapid® ist ein von der Firma Novo Nordisk hergestelltes schnell wirkendes
Humaninsulin. Actrapid® ist in Osterreich ein bereits zugelassenes Arzneimittel, welches
hohe Blutzuckerspiegel bei Patienten mit Diabetes mellitus (Diabetes) senkt.

5. Worin liegt der Nutzen einer Teilnahme an der Klinischen Priifung?

Es ist nicht zu erwarten, dass Sie aus lhrer Teilnahme an dieser klinischen Priifung
gesundheitlichen Nutzen ziehen werden. Die Ergebnisse dieser klinischen Priifung sollen
dazu beitragen, ein noch besseres Verstindnis fiir die Mechanismen im Korper des Typ 1
Diabetes Mellitus zu bekommen und darauf in der Zukunft fiir Menschen mit dieser
Erkrankung eine Erleichterung und Verbesserung der Blutzuckereinstellung zu ermoglichen.

6. Gibt es Risiken, Beschwerden und Begleiterscheinungen?

In dieser speziellen Clampstudie, wird versucht eine Hypoglykdmie zu provozieren, was
sehr wahrscheinlich zu Symptomen eines niedrigen Blutzuckers fithren wird, die hdufigsten
Symptome sind weiter unten beschrieben. Wéhrend der normalen Clampuntersuchung
kommt es zu einer kontrollierten Hypoglykdmie und eine Hyperglykdmie wird durch
engmaschigen Blutzuckerkontrollen und die variable bzw. konstante Insulin- bzw.
Glukoseinfusion verhindert. Falls es zu unakzeptablen hypoglykédmischen Symptomen oder
einem Fehler in der Clampuntersuchung kommt, wird eine Glukoseinfusion verabreicht und
der Clamp abgebrochen.

Wihrend der gesamten Studie werden Sie mehrere Venenpunktionen haben und erhalten
zumindest sechs vendse Dauerkaniilen, jede davon iiber einen Zeitraum von ungefdhr 18
Stunden. In manchen Féllen kdnnen an der Stelle der Venenpunktion lokale Blutergiisse
auftreten und in seltenen Féllen kann es zu Infektionen oder sogar zu Phlebitis
(Venenentziindungen) kommen, welche lokal oder systemisch (z.B. mittels Antibiotika)
behandelt werden miissten.

Insgesamt werden Thnen bei dieser Studie liber einem Zeitraum von zirka 4 Wochen 182,5
ml Blut entnommen (zum Vergleich: Bei einer Blutspenden werden Thnen zirka 450 ml But
entnommen.) Das entspricht in etwa 12 Essloffel.

7. Zusatzliche Einnahme von Arzneimitteln?

Aufgrund Threr Studienteilnahme ist eine zusitzliche Einnahme von Arzneimitteln nicht
notwendig.

8. Hat die Teilnahme an der klinischen Priifung sonstige Auswirkungen auf die
Lebensfiihrung und welche Verpflichtungen ergeben sich daraus?

Thre Studienteilnahme beinhaltet wie oben beschrieben drei Besuche am Studienzentrum mit
einem stationdren Aufenthalt von ca. 18 Stunden. Eine Anderung Ihrer Lebensfithrung oder
sonstige Verpflichtungen ergeben sich daraus nicht.

9. Was ist zu tun beim Auftreten von Symptomen, Begleiterscheinungen und/oder
Verletzungen?
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Sollten im Verlauf der klinischen Priifung irgendwelche Symptome, Begleiterscheinungen
oder Verletzungen auftreten, miissen Sie diese Ihrem Priifarzt mitteilen, bei
schwerwiegenden Begleiterscheinungen umgehend, ggf. telefonisch (Telefonnummern, etc.
siche unten).

10. Versicherung

Als Teilnehmer an dieser klinischen Priifung besteht fiir Sie der gesetzlich vorgeschriebene
verschuldensunabhéngige Versicherungsschutz (Personenschadenversicherung gemal § 32
Arzneimittelgesetz), der alle Schaden abdeckt, die an Threm Leben oder Threr Gesundheit
durch die an Thnen durchgefiihrten Maflnahmen der klinischen Priifung verursacht werden
konnen, mit Ausnahme von Schidden auf Grund von Verdnderungen des Erbmaterials in
Zellen der Keimbahn.

Die Versicherung wurde fiir Sie bei der Wiener Stidtische Allgemeine Versicherungs-AG,
HF2 Haftpflicht Fachabteilung, Schottenring 30, 1010 Wien, Telefonnummer: 050 350,
unter der Polizzennummer 08-N811.957 abgeschlossen. Auf Wunsch konnen Sie in die
Versicherungsunterlagen Einsicht nehmen.

Im Schadensfall konnen Sie sich direkt an den Versicherer wenden und Ihre Anspriiche
selbstidndig geltend machen. Fiir den Versicherungsvertrag ist Osterreichisches Recht
anwendbar, die Versicherungsanspriiche sind in Osterreich einklagbar.

Zur Unterstiitzung konnen Sie sich auch an die Patientenanwaltschaft, Patientenvertretung
oder Patientenombudsschaft wenden.

Um den Versicherungsschutz nicht zu gefdhrden

- diirfen Sie sich wihrend der Dauer der klinischen Priifung einer anderen medizinischen
Behandlung nur im Einvernehmen mit Threm behandelnden Priifarzt unterziehen
(ausgenommen davon sind Notfille). Dies gilt auch fiir die zusdtzliche Einnahme von
Medikamenten oder die Teilnahme an einer anderen Studie.

- miissen Sie dem behandelnden Priifarzt - oder der oben genannten Versicherungs-
gesellschaft - eine Gesundheitsschidigung, die als Folge der klinischen Priifung
eingetreten sein konnte, unverziiglich mitteilen.

- miissen Sie alles Zumutbare tun um Ursache, Hergang und Folgen des Versicherungsfalles
aufzukldren und den entstandenen Schaden gering zu halten. Dazu gehort ggf. auch, dass
Sie Thre behandelnden Arzte ermichtigen, vom Versicherer geforderte Auskiinfte zu
erteilen.

11. Informationen fiir gebirfiahige Frauen — Schwangerschaftstest

Schwangere und stillende Frauen diirfen an dieser klinischen Priifung NICHT teilnehmen.
Als gebéarfahige Frau diirfen Sie an der klinischen Priifung nur teilnehmen,

- wenn ein Arzt vor und einmal monatlich wihrend der klinischen Priifung das
Nichtvorliegen einer Schwangerschaft (Schwangerschaftstest) feststellt. Es wird Thnen
weiters die Durchfiihrung eines Schwangerschaftstests nach Abschluss der Studie
empfohlen.
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- wenn Sie sich verpflichten wihrend der Dauer eine zuverldssige Art der Empfangnis-
verhiitung (Pille, Spirale) zu praktizieren.

Sollten Sie dennoch wéhrend der klinischen Priifung schwanger werden oder den Verdacht
haben, dass Sie schwanger geworden sind, informieren Sie bitte umgehend Thren Priifarzt.

12. Wann wird die klinische Priifung vorzeitig beendet?

Sie konnen jederzeit auch ohne Angabe von Griinden, Ihre Teilnahmebereitschaft wider-
rufen und aus der klinischen Priifung ausscheiden ohne dass Ihnen dadurch irgendwelche
Nachteile fiir Thre weitere medizinische Betreuung entstehen.

Ihr Priifarzt wird Sie iiber alle neuen Erkenntnisse, die in Bezug auf diese klinische Priifung
bekannt werden, und fiir Sie wesentlich werden kdnnten, umgehend informieren. Auf dieser
Basis konnen Sie dann Ihre Entscheidung zur weiteren Teilnahme an dieser klinischen
Priifung neu iiberdenken.

Es ist aber auch moglich, dass Thr Priifarzt (oder gegebenenfalls der Auftraggeber dieser
klinischen Priifung) entscheidet, Thre Teilnahme an der klinischen Priifung vorzeitig zu
beenden, ohne vorher Ihr Einverstdndnis einzuholen. Die Griinde hierfiir konnen sein:

a.) Sie konnen den Erfordernissen der Klinischen Priifung nicht entsprechen;

b.) Thr Priifarzt hat den Eindruck, dass eine weitere Teilnahme an der klinischen Priifung
nicht in IThrem Interesse ist;

Sofern Sie sich dazu entschlieflen, vorzeitig aus der klinischen Priifung auszuscheiden, oder
Ihre Teilnahme aus einem der oben genannten Griinde vorzeitig beendet wird, ist es fiir Ihre
eigene Sicherheit wichtig, dass Sie sich einer normalen Kontrolluntersuchung unterziehen.
Diese besteht meistens aus einer korperlichen Untersuchung sowie aus
Laboruntersuchungen.

13. In welcher Weise werden die im Rahmen dieser klinischen Priifung gesammelten
Daten verwendet?

Sofern gesetzlich nicht etwas anderes vorgesehen ist, haben nur die Priifarzte und deren
Mitarbeiter Zugang zu den vertraulichen Daten, in denen Sie namentlich genannt werden
(,,personenbezogene™ Daten). Weiters konnen Beauftragte von in- und ausldndischen
Gesundheitsbehorden, der zustindigen Ethikkommission Einsicht in diese Daten nehmen,
um die Richtigkeit der Aufzeichnungen zu tiberpriifen. Diese Personen unterliegen einer
gesetzlichen Verschwiegenheitspflicht.

Die Weitergabe der Daten im In- und Ausland erfolgt ausschlieflich zu statistischen
Zwecken in verschliisselter (nur ,,indirekt personenbezogener) Form, das heif}t, Sie werden
nicht namentlich genannt. Auch in etwaigen Ver6ffentlichungen der Daten dieser klinischen
Priifung werden Sie nicht namentlich genannt.

Die Priifarzte und ihre Mitarbeiter unterliegen im Umgang mit den Daten den Bestimmungen
des Osterreichischen Datenschutzgesetzes 2000 in der jeweils geltenden Fassung.
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Wenn Sie Thre Einwilligung zuriickziehen und damit Ihre Teilnahme vorzeitig beenden,
werden keine neuen Daten mehr iber Sie erhoben. Auf Grund gesetzlicher
Dokumentationspflichten (Arzneimittelgesetz) kann jedoch weiterhin fiir einen gesetzlich
festgelegten Zeitraum eine FEinsichtnahme in Thre personenbezogenen Daten zu
Priifzwecken durch autorisierte, zur Verschwiegenheit verpflichtete Personen erfolgen.

14. Entstehen fiir die Teilnehmer Kosten? Gibt es einen Kostenersatz oder eine
Vergiitung?

Durch Thre Teilnahme an dieser klinischen Priifung entstehen fiir Sie keine zusitzlichen
Kosten. Fiir die Teilnahme erhalten Sie eine pauschale Aufwandsentschidigung von
insgesamt € 600,--. Die Aufwandsentschiadigung wird aliquot ausbezahlt und setzt sich
folgendermallen zusammen: € 25,-- € fiir die Einschlussuntersuchung, € 550,-- fiir die
Clamp Visite 2, und € 25,-- fiir die Nachuntersuchung.

15. Moglichkeit zur Diskussion weiterer Fragen

Fiir weitere Fragen im Zusammenhang mit dieser klinischen Priifung stehen lhnen Thr
Priifarzt und seine Mitarbeiter gern zur Verfiigung. Auch Fragen, die [hre Rechte als Patient
und Teilnehmer an dieser klinischen Priifung betreffen, werden Ihnen gerne beantwortet.
- Name der Kontaktperson: ~ Dr.Stefan Korsatko
- Sténdig erreichbar unter: ~ 0316-385-72385
- Name der Kontaktperson:  Dr.Sabine Zenz
- Sténdig erreichbar unter: ~ 0316-385-72837
- Wo erhalte ich mehr Information?
- 24h Notfall Nummer: +43 316 385 80769

16. Wo kann ich weitere Informationen einholen?

- Univ.Prof.Dr.Thomas Pieber
- Sténdig erreichbar unter: 0316-385-82383

17. Sollten andere behandelnde Arzte von der Teilnahme an der klinischen Priifung
informiert werden?

Thr Hausarzt wird von Threr Studienteilnahme informiert.
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18. Einwilligungserklirung

Geb.Datum: ........ccoeevecvenne COdE: e
Ich erkldre mich bereit, an der klinischen Studie Pilot EGP teilzunehmen.
Ich bin von Herrn/Frau (Dr.med.) ausfiihrlich und verstdndlich iiber mogliche

Belastungen und Risiken, sowie iiber Wesen, Bedeutung und Tragweite der klinischen Priifung,
die bestehende Versicherung sowie die sich fiir mich daraus ergebenden Anforderungen aufgeklért
worden. Ich habe dariiber hinaus den Text dieser Patientenaufklarung und Einwilligungserklérung,
die insgesamt 10 Seiten umfasst gelesen. Aufgetretene Fragen wurden mir vom Priifarzt
verstdandlich und geniigend beantwortet. Ich hatte ausreichend Zeit, mich zu entscheiden. Ich habe
zurzeit keine weiteren Fragen mehr.

Ich werde den érztlichen Anordnungen, die flir die Durchfithrung der klinischen Priifung
erforderlich sind, Folge leisten, behalte mir jedoch das Recht vor, meine freiwillige Mitwirkung
jederzeit zu beenden, ohne dass mir daraus Nachteile fiir meine weitere medizinische Betreuung
entstehen.

Ich bin zugleich damit einverstanden, dass meine im Rahmen dieser klinischen Priifung ermittelten
Daten gespeichert werden. Mir ist bekannt, dass zur Uberpriifung der Richtigkeit der
Datenaufzeichnung Beauftragte der zustindigen Behorden, der Ethikkommission und ggf. des
Auftraggebers beim Priifarzt Einblick in meine personenbezogenen Krankheitsdaten nehmen
diirfen.

Sollte ich meine Teilnahme an dieser Studie widerrufen oder wird meine Teilnahme an der Studie
durch den Sponsor oder den Priifarzt vorzeitig beendet, so willige ich ein, dass die bis zu diesem
Zeitpunkt erhobenen Daten weiterhin verwendet werden diirfen, soweit dies erforderlich ist, um

a) sicherzustellen, dass meine schutzwiirdigen Interessen nicht beeintrachtigt werden
und
b) der gesetzlichen Pflicht zur Vorlage vollstindiger Zulassungsunterlagen und den

gesetzlichen Dokumentationspflichten zu entsprechen.

Beim Umgang mit den Daten werden die Bestimmungen des Datenschutzgesetzes 2000 beachtet.

Eine Kopie dieser Patienteninformation und Einwilligungserkldrung habe ich erhalten. Das
Original verbleibt beim Priifarzt.

(Datum, Name und Unterschrift des verantwortlichen Priifarztes)

(Der Patient erhédlt eine unterschricbene Kopie der Patienteninformation und
Einwilligungserkldrung, das Original verbleibt im Studienordner des Priifarztes.)
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6.2. Publications With First Authorship Related to This Thesis

CLIMICAL RESEARCH ARTICLE

Impact of C-Peptide Status on the Response of Glucagon
and Endogenous Glucose Production to Induced
Hypoglycemia in TIDM

Sabine Zenz,' Julia K. Mader,' Werner Regittni,' Martina Brunner,?
sStefan Korsatko,! Beate Boulgaropoulos,’ Chrstoph Magnes,” Reingard Raml,*
Sophie H. Marath,® Philipp Eller,® Thomas Augusting® and Thormas B, Pieber’3

'Dusion of Endocrinclogy ard Disbetokegy, Departrment of Intemal Medicne, Medical Unversty of Graz,
8036 Graz, Austria; “Center for Medical Research, Chnical Research Center, Medical Uiniversity of Graz, 8010
Graz, mustria; “Jeanneum Researdh Forschungsgesellschaft mbH HEALTH—Institute for Biomedicne and
Healih Scences, 010 Graz, Austria; and *Intensive Care Urid, Departrnent of Internal Medicine, Medical
Universty of Graz, 8036 Graz, Ausing

Context: Complete loss of g-cell function In patients with type 1 diabetes mellitus (T10M) may lead
to an increased risk of severe hypoglycemia

Objective: We aimad to determine the impact of C-peptide status on glucagon response and
endogencus glucose production (EGF) during hypoglycemia in patients with T1DM,

Dasign and Setting: We conducted an open, comparative trial

Patients: Ten C-peptide positive (C-pos) and 11 matched C-peptide negative {C-neg) patients with
T1DM ware enrolled

Intervention: Plasma glucose was normalized over the night fast, and after a steady-state (baselineg)
plateau all patients wndenwent a hyperinsulinemic, stepwise hypoglycemic clamp with glucose
plateaus of 5.5, 3.5, and 2.5 mmoll and a recovery phase of 4.0 mmall. Blood glucagon was
mzasured with & specific and highly semsitive glucagon assay. EGP was determined with & stable
Eotope tracer technigue.

Main Cutcome Measure: Impact of C-peptide status on glucagon response and EGP during
hypoglycamia.

Results: Glucagon concentrations were significantly lower in C-pos and C-neg patients than previously
reported. At baseline, C-pos patients had higher glucagen concentrations than C-neg patients (8.39 =
4.6v54.19 £ 24 pmoll, P=00018, mean = standard deviation) but comgarable EGP rates (213 = 02w
2.04 = 0.3 mgfkgimin, P2 0.391). In both groups, [nsulin suppressed ghecagon levels, but hypoghyoemia
revealed significantly higher glucagon concentrations in C-pos than in C-neg patients. EGP was
significantly higher In C-pos patlents at hypoglycemia (2.5 mmolL) compared with C-neq patients.

Condusions: Glucagon concentrations and EGP during hypoglycemia were more pronsunced in
C-pos than in C-neg patients, which indicates that preserved g-cell function may contribute to
counterregulation during hypoglycemia in patients with TIDM. {J Chin Endocrine! Metab 103

1408-1417, 2018)
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! Copy of “Impact of C-peptide Status on the Response of Glucagon and Endogenous Glucose Production to Induced
Hypoglycemia in TIDM,” by Zenz S, Mader JK, Regittnig W, Brunner M, Korsatko S, Boulgaropoulos B, et al. J Clin
Endocrinol Metab 2018;103:1408—17. https://doi.org/10.1210/jc.2017-01836 [5]. No modifications were made.
Copyright 2018 by Oxford University Press on behalf of the Endocrine Society. Reprinted with permission.
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ight glveemic control in patients with type 1 diabetes

mellivus (T10M) decelerares the progression of mi-
crovascular complications such as retinopathy, neurop-
athy, and nephropathy (1) and can also reduce the
development of macrovascular complications such as
ischemic heart disease, peripheral vascular disease, and
cerebrovascular disease {2). However, achicvement of
more stringent treatment goals rises the risk of recurrent
symptomaric and severe hypoglveemic events. Hypo-
glycemia is not only associated with an adverse clinical
cutcome bur also has a negative impacr on quality of life
of affecred patients (3).

In healthy people, glucagon and insulin produced from
the - and S-cells exert opposing effects on their target
tissues, and their interaction plays a central rale inglecose
homeostasis (4], The defense mechanisms agamst hy-
poglycemia include reduction of endogenous insulin se-
cretion and release of pancreatic glucagon, which in tuen
raises plasma glucose (PG by increasing hepatic glecose
output through stmulation of glycogenolysis and acti-
vating gluconcogenesis (5, &)

In patients with T1DM, B-cells are destroyed by an
autoimmune reaction leading to deficiency of endopenous
insulin secretion. This might cavse secondary abnormal-
itigs in the function of other pancrearic isler cells, like
abnormal ghicagon release by o-cells. Glucagon levels
after oral food intake have been shown to be inappro-
priately high, which is associated with pronounced post-
prandial hyperglycemia in patients wich TIDM (7, 8). In
comtrast, diminished glucagon response o hypoglycemin
and msufficient stmulation of gheogenolysis and gluco-
neogenesis are major reasens for severe hypoglyoemic
events {9-11). Reasons for this dismarbed glocagon re-
sponse to hypoglycemia may be impaired PG sensing in the
ce-cells (111, autonomic dyshunction (12}, or a loss of an
msulin “switch off” signal from the @-cells {13}, but the
underlying mechanism is not vet fully understood.

Ower ame, different experimental setups, like vanous
glucagon assays, have been used to gain a better un-
derstanding of glecagon levels in TIDM during hypo-
glveemia. Analytical methosds for glucagon determination
have been improving over the years, but commonly used
assays are mostly unspecific and detect N-termunally
extended or runcared forms of glucagon as well. The
resulting and 1o some degree erroneous high glucagon
coneentrations may have compromised the inferpreta-
tions of the role of glucagon in patients with T1DM
(14, 15). Recendy, a specific and highly sensitive gluca-
gon assay thar enables the specific derecrion of inracr
glucagon has become available (14, 16) and allows a
reassessment of the rele of glucagon during hypoglyeemia
in patients with T1DM,

For copyright attribution, see Footnote 1
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The severity of hypoglyveena in patients with T1DM
correlates with diabetes duration (17-19), Patents with
short diaberes duration [{C-pepride positive [C-pos)]| had
as many hypoglvoemic events as patients with long di-
aberes duration  [C-pepride neg (C-negl], bur rhese
hypoglycemic events were less severe {17). Diaberes du-
ration is associated with a loss of residual S-cell funcrion,
which indicates that the risk of sccurrence of severe
hypoglycemia increases with the loss of B-cell funcrion
and that C-peptide neganvity is a major risk facror for
developing severe hypoglveemia (20, 21). However, the
mechanism of how residual F-cell function protects
against severe hypoglycerma remains unclear, and the
impact of C-pepnide status on glucose release from the
liver is controversial (22, 23).

We aimed to assess the impact of the C-peptide status
in patients with T10M on the glucagon response during a
hyperinsubinemi: hypogheemic clamp by measuring
glucagon levels with a specibic and highly sensitive glu-
cagon assav and by assessing the endogenous glucose
production (EGP] with a siable isorope tracer rechnigque.

Materials and Methods

Trial design

We conducred an open, compararive trial in marched Copos
and Ceneg patients with TIDM, applving a hyperinsulinemic,
stepwise hypoglveemic clamp. Writeen informed consent was
obtaimed from all patients before any rrial-relared activises were
started, The mrial was approved by the bocal ethics commictee
of the Medical Linmversity of Giraz, Austra (26-070 ex 1W14)
and performed m accordance with Good Chinical Practice (24)
and the Declaramon of Helank (25).

Participants

All enrolled panents with TIDM had a hiswery of T1DM
with acure hyperglycemia and ketonuria and had a daily insulin
requirement with cither muliple daily insulin injections or
continuous subcutaneous insulin infusion, Inclusion criteria
were age 18 o 64 vears, body mass index [BMI) 180 o
280 kg'm®, and hemoglobin Alc (HBATC) £.0% 1o 9.5%, (42
o B mmaolimol), Exclusion critera were any bare complica-
tions of diaberes, including hvpoglycemic unawareness, any
severe hypoglycemic event within 1 monch before screening, and
any relevane health risk during the hypoghveemic clamp,

Ar the screening wisit, the curaff for C-neg was derermined
as a fasiing Copepiide below the lower limic of quantification
(LMD of the assay (L) = D017 nmal'L) (26), and the comoff
bor C-pos was determined as a fasting C-pepaide of =005 nmolfLL.
We wsed the electronical dinbetes dambaze buile by our de-
partment for screening. It provides mformation about all pa-
tients with diabetes Jtype 1 and type 2| whe have given written
informed consent for potential particpation in climical wrials.
We sereened 1000 panents with TIDM and mvited all
A conseutve C-pos patients for o soreening vasst. Fmnally,
10 C-pos patsents with TIDM were enrolled, and 11 Coneg
patents with TIDA, also screened from the dambase, were
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manched with regard re age, sex, weight, and BML The recruimment
phase laseed from Janoary 2004 unml Oceober 2005, Mo sody
patient withdrew his or ber informed consent during the stusy.

Stepwise hypoglycemic glucose clamp with stable
isotope tracer technigue

On the evening before the study day, paricipanss arrived at
the Clinical Ressarch Cenrer ar 20600 hoars for an in-house siay
for = 16 hours, All participants had been advised not o inject
long-acting or intermediate-acting insulin after 08200 hours (no
ulera-long-acting insulin was used) and nar to do any srenuous
exercise afrer 00 hours. The last shore-acting insulin injection
was admmistered with the last meal at 1700 howrs, Mo hy-
poghycemsc event (MG =39 mmol/L] was albowed o take place
after 10:00 howrs in the morning on the day before the study
day; otherwse, the participant’s visic was rescheduobed.

A hand wein was cannulated for samplmg of artemalized
venous blood and remained wrapped oo heating Blanket
throughout the clamp. To achieve normoglyommia overnight, 2
land v i the contralateral arm was camrulated for a vasialble
luman soluble insulin infusion [40 U Aceeapid {100 LimlL)
(MoveMorndsk, Copenbagen, Denmark) m 996 mL NaCl
(154 mmolfL) ], wnnl 08:06 hoars on the soedy day, or for safery
reasons a glucoss infusion (10%%, Fresenios Kabs, Graz, Ausrria)
unril B3:00 hours an the study day, Overnight, PG owas mea-
sured every § e 30 minures depending on the glucose con-
centrations needed o keep the PG stable (PG rarget kevel of

Impact af C-Peptide Status m Patiants With T10D8A

I Clin Endodrined helab, dgrl 2018, 10314):1408-1417

5.5 mmaelLy and e avoid nocrumal bypoglycemia (defined as
PG level =39 mmolL]. Ar 0F:00 hours [6,6-"Hzl-glucose so-
larien {100 gfL; Euriso-Top, Saine-Auhin Cedes, France) was
given intravenously with a bolas of %6 mgkgimin for | minare
and a constant rate of (L08 mgkgimin until the end of the clamp,
From 05:00 unril 07:30 hours, a PG level deviarion of =30%
was allowed, Two and a half howrs after infusion start, tracer
hscose equilibration phase was reached and defined as baseline
(levar insuling duration 30 minures|, while 2 variable boow-insulin
infusion was admimistered for stable PG levels (5.5 mmoaold,
=20 of PG deviation), At (800 hours, the hyperinsulinemic
clamp was inttiated by increasing the msulin infusion w2
constant rate of 1.5 mUikg/min (Fig. 1). PG owas kept stable at
normaglyeemia with a variable glucose mfusion rate (GIR)
enriched with 4 mg [6,6-"H;|-glucossml for ~90 minutes.
Then, the first PG platean of 5.5 mmol/L was started and lasted
A0 mnutes. Afterward, the GIR was turned off and the I'G was
allowed po drop o a platean of 3.5 mmol/L and afterward o
madir [target 2.5 mmol/L). Each PG platean was kept stable with
the GIR for 30 mmutes, For safety reasoms, PG owas not allowed
o drop Below 2.2 mmolfL, Fifteen minutes afver baving reachied
madir, the consant insalin infusion was stopped, and the GIR
was mpered off o mable spontaneous recovery from hypo-
lycernia, if possible, [F PG had not recovered 45 minutes after
the insulin infusion was erminated, a constan inravensus
plecose intusion 5.5 mg'kgimin) was initiated o reach the lase
PG oplatcau of 4.0 mmol/L (10 minetes) and finally normo-
glycemia. Throughout the clamp, participants continued fasting

‘Vanahle insulin infusion
Isotope tracer glucose infusion®
[
Constant insulin infusson (1.5mU kg' min-')
GiR: FIRDNNNNI Himn M.........
Spontaneous recovery”
Plasma glucose B 1
20 min
Basaling 5.5 mmol] L
1 T o 40 el
1.5 mmobl iy 1'
T am”
2.5 mmoli
1
Run-in pariod Hypoglycaamic clamp _—
100 0S:00 o730 IIIB:D{I 08:30 90:00 Vanabls tming
n.m, Bm

Figare 1. Hypoghecemic damp with statile isolope tracer echnique. *lotops tacer glucose nlusian: & bolus of 8.6 mglkagirin of [6,6-5H, 1
glucosse vas given far 1 mirute and & canstant rate of 0.08 mgkgirin waitil the end of the clarmp. “GIR was eniched with 4 mg 16,6-"H -
{lwctsatml. “Sponlanecus reoovery: Aller corstan rsulin mfusion (1.5 bkgirin was stopped, desired maamum time 1o reach plateau
4.0 Pira kL was 45 minates. [, hypoghcemic resporss asssssments indude biood samalkes for ghucagen and [6,6-"Hz|-glucase, wital signs,

hypesghoCemic anwaneness, and hypoghoemic synplom Tests.

For copyright attribution, see Footnote 1
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[ food or beverages except warer) and staved in a supine o
semmisuping position, PG measurements were performed every
§ minures from increasing insulin infusion {08:00 hours) unil
rerminarion of the clamp, Bleod sampling for measurement of
[6,6-"H i ]-glucnse, glucagon, norepinephrine, and epinephrine
concentrations was done at baseline and during the PG pla-
reaus 5.5, 55, and 2.5 mmolfL ar 0, 10, 20, and 30 minures
after the respective PGoplatean had been reached, Ar the
plateaw 4.0 mmoll, blood samples were raken ar @ and
10 minutes. Sympeoms of hypoglycemia were evaluated with
the Edinburgh Hypoglycemic Scale (27), and hypoglycemia
awareness was assessed with the participants” responses
[yes'nod to the guestion, “[d you feel any symproms of
hypoglycemiz®™

Biochemical and hormonal bleod analyses

Pa00 EDTA mibes (BDy Becron Dickinsen, Franklin Lakes,
BE were used o collect blood samples for the glucagon mea-
surements. PEM) EDTA mubes contain protease inhibiters and
DPP-IV inhibitors and were selecred based on the resulis of
previously performed stabiliy rests thar showed a highly ffi-
cient inhibition of glacagon degradarion (28], Samples were
centrifuged fer 15 minutes immediately afer sample collection,
stored ar —80°C, and analyzed with a selid phase two-site
engyme immunaassay [Mercodia Glecagon EL15A; Mercodia,
Lppsala, Sweden) {14, 161, The coefficient of variation (O
for intra-assay variation was 3.3% o 5.01%, and the ©V for
interassay variation was 7.3% m 9.4%. The specificicy for
cross-reaction was with glicentin (LE%, axyntomodulin 4.4%,
mimi-glecagon =0, 1%, glucagonlike pepride-1 =0.3%, gheca-
ponlike pepnide-2 =0.3%, and gloentin-related pancrearic
peptide 0K %, and the detection limee was 1 pmalf All
plucagon  measurements were performed by blinded  staff
members m the laboratory.

EDTA plasma samples for detection of norepinephrine and
epinephrne were stored ar —80°C and were measured with a
r.ldiui:l‘lmunuu:s:lj (DRG Instruments GmbH, h'hrhurg,, Coerr-
manyl. The plasma C-peptide concentrations were determined
with a pwo-site sandwich immvunoassay (ADYIA Centur; Sicmens
Healtheare Diagnosncs, Camberley, UK; LOG 0.017 amol/L)
HbATe wias msasured by high-performance liguid chromaography-
uleraviober (Aenarini HA-8 160; Menarini Diagnostics, Florenoe,
[raly}. Mo insulin measurements were done during the study.

Toral PG concenmranions for the clamp were measured ar
bedside with a glecose analvzer [(Soper GL; D, Mibller
Gerdareban GmbH, Freital, Germany; CV 2%, Te determine
namral glucose, 16.6-"Ha-glucose, and racer-ro-rraces rario
[TTR), bload samples were collecrad in sedium fuoride mibes,
centrifuged immediately for 15 minuies ar 4°C, and stored
ar —80°C, and plasma samples were prepared as described
previously (29, 30, Standards were prepared by spiking the
dialymed plasma with well-known amounes of glocose (3 m
290 mgfdL| and |F.-,E|-1H_:-j-ﬁ_|u|:nm: 1.5 o 5.4 mg/dL) as well as
internal standard [["C;]plecose, VG, “Haol-gluecose), The
processed samples and standards |1 pL} were derectly injected
into the gas chromatography-mass spectromerry (GE-MS)
(TS0 GO, T M5; Agilent Technologies, Sanma Clara,
CA m splithess mode. Chromatography was performed with a
flosw rate of 2 mlimm and helem as carner gas, with an
HIF-585% 30 m % 250 pm ® 025 pm GO column | Agalent
Technologees) with the followmg temperature program: 110°C,
hald 0.5 mainuotes, samip 10 25"Chmin o 225°C, The analyoes

For copyright attribution, see Footnote 1
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were derected  with eloctron impact  onization in single
ion moniperning mode ar miz 287 (namiral glocose], mi 288
(1*Hyl-glucosel, miz 288 (PHal-glocoss], méz 293 (]7C,)-
glucosel, and méz 300 ([T, “Hal-glucose), The narural glu-
cose and [6,6-"Hyl-glicose concentrarions were quantified, and
the TTR was caleulated with the peak areas of the analyres,
[6,6-"H; |-ghicass measurement and calcularion of TTR were

absa performed by blinded staff members,

Statistical analysis

Drara are given as mean = standard deviaton (50 unless
indicared otherwise, The level of significance was set o e = 0,05
fosr all teses. All parametess were wsted for nomality with
Shapire-Wilk (53W) rest IF daca were distributed nosmally
(5% pest, P =000, a ¢ oest was applied, Otherwise (5% mest,
F=0,05), a Mann-Whirney U rest was used. Average glucagon
values were compared berween C-pos and C-neg parients ar
haseline and ar cach PG plateaw (5.5, 3.5, 2.5, and 4.0 mmadfL}.
Based on piloc data, the primary paramerer was defined as
average glucagon concenrration measured ar PG plarean
1.5 mmoll, Within cach group glocagon suppression was
tested by caleulating the individual difference berween baseline
and PG p|n|‘e-.q.|| 5.5 mmall, and the ﬂllll;‘ﬂ.ﬂl.‘ll‘l Incresase was
assessed From PG plateas 5.5 1o 225 mmolf1. with a Wilcoxon
test. Average PG, TTR, norepinephrine, and epinephrine were
devermined for each parncipane and each plateaw, and resulting
values were compared berween the groups. Cheernighe average
PG values were compared every 30 minutes between C-pos and
Coneg patients with a Mann-Whitney U tess.

Calculanon for BEGE and the rate of penpheral gleoose
disposal (R were performed by blinded staff members o
avoid a bias. EGEP and Rd levels were caleolaved accordmg o
Powrie amd the maodified equation of Stecle (29, 31, 320, Average
EGE levels, Bd levels, and GIRs were calculated for each par-
ticipannt and cach plaveau i C-pos and C-neg patients, amd the
values from C-pos and C-neg patens were compared with each
ather, A paired ¢ vesr was used o caloulae EGP suppression
within cach group from baseline o plareau 5.5 mmelL and o
depect the EGP increase within each group berween plateau
5.5 and 2.5 mmelL. A Wilcescon rest was wsed within each
group o assess the increase of the Rd from plateau 5.5 m
1.5 mmall, Morepinephrine and epinephrine hlood samplss
were available only for 7 C-pos and 7 Coneg paticnrs,

Additional parameters were the area under the curve (AL
tor glucose infusion rate (AL, for glucagen (AU gk
and for endogenous glucoss producrion | AUCeqp) To caloalare
the AU R, AUC ) cpen, Aand AUCEge for each plateau, the
rrapezoidal merhad was applied. To calculate the area under che
curve for total glucose infusion rate [AUC G5 s 2ll AUC R
values at each PG plarean were added together, Linear re-
gression was applied ro AUC, o, and AUCEqp.

Results

Participant characteristics

Twentv-one men and women with TIDM were en-
rolled in the trial. Demographic and baseline characrer-
istics are summarized in Table 1. Mean fasting C-pepride
value was (L16 £ 0.1 nmol/L for 10 C-pes patents and
.0 = 0.0 nmolL for 11 C-neg patents.
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Table 1. Demographic and Baseline Characteristics of C-Fos and C-Neg Fatients With T1DM

Characteristic C-Pos C-Neg P
Subjects, n 10 11 —
Sex, malefernale 55 %6 NS
Age, y I0G =13 74 =12 M5
Diabyetes duraticn, y frangel 2.5 = 2 [1-E} 239 = 101-37) =0.001
EM, keym? 36=148 250+ 13 M5
C-peptide, nmobl (range 016 = 0.1 {0.05-0,36) 0.0 = 0.07 (0.00-0.01) =0.001
Hiaale, %% 73+x0Q0 TE=08 M5
Hpa g, mrrlimol SEEZ+=08 SBES = &7 M5
Daily basal inswln dose, U (range) 91 £ 4013 24.5 = 12 (11-500 0,002
Dally bolus insubn dosa, U (range) 17.7 = 3 (5-36) 0.9 = 4 (15300 M
Total daily insulin dese, L (range) 2689 = 12 (10-51) d45.4 = 14 (ZE6-73) 0.y

Data are means = 50 Jmiremum-maximum}. Knskal-Walls and Wilcoson tests wene wmed. Level of sipnificance was set at P < 0,05,

Abbreviation: MS, not sonificant
O of the assay = 0017 nmoblL for C-peplide measurements.

PG levels, TTR, and GIR

Mo nocturnal hypoglveemic event occurred during the
night before hypoglveemia was induced, C-pos patients
needed less excgenaous insulin during the night before
hypoglycerma induction than Coneg patients. Mean PG
levels did not differ at baseline (C-pos, 5.7 = 0.4; Coneg,
5.7 203 mmaoliL), at glucose plateans 3.5 and 4.0 mmolf
L berween the rwo groups (Fig. 2a). Ar glucose plateavs
3.5 and 2.5 mmol/L, mean PG levels were significantly
higher in C-pos than in C-neg patients (difference in PG
concentrations was 0.1, P = 0,037, and difference in PG
concentrations was 0.2 mmol/L, P = (L0111, respectively ]
Mean TTHs were comparable in C-pos and C-neg pa-
tients ar bascline and throughout the clamp ac cach
glucose plateaun {Fig. 2Zbl. During the hyvpoglycemic
clamp, AUC; . did not differ berween C-pos and C-neg
patients at all glucose plateaus (Fig. Zc). During recovery,
which was defined as the ome at glucose platean
2.5 mmolL {15 minutes after insulin infusion had been
stopped ) until the end of glucose platean 4.0 mmalfL,
AU was signibicantly lower in Cepos than in Coneg
patients (difference in AUC g values was 102 mgkgl.
AUC s iear was comparable in both groups.

Glucagon concentrations, EGP, and Rd

Mean glucagon concentrations  were  significantly
higher in C-pos compared with C-neg patients at baseline
(difference in glucagon concentrations was 4.2 pmolL)
and during all glucose plateavs (plarean 3.5 mmaoliL,
difference in glucagon concentrations was 2.6; plarean
3.5 mmol'L, difference in glucagon concentrations was
3.3; plareau 2.5 mmolL, difference in glucagon con-
centrations was 7.0; and plateaw 4.0 mmol/L, difference
in glucagon concentrations was 3.2 pmol/LL At platcaw
5.5 mmolL, suppression of glucagon concentracons
was chserved in both groups after insulin infusion was

For copyright attribution, see Footnote 1

mcreazed. From glocose platean 5.5 mmal/L o nadir,
glucagon levels significantly increased in both groups
(Fig. 3a).

Mean EGP rates did not differ in C-pos and C-neg
parients ar baseline and ar glucose plateaus 5.5 and
3.5 mmaol/L. At glucose plateans 2.5 and 4.0 mmol/L, EGP
response o hypoglvcemia was significantly higher in
C-pos compared with C-neg patients (differences in EGP
were 0.4 and 0.8 mghkg/min, respecoively). At glucose
plateau 5.5 mmol/L suppression of EGE occurred in both
groups, after insulin infusion had been increased {Fig. 3b).

Mean RBd was similar in both groups at baseline and
during all glucose plateavs, After insulin was increased wo
the constant rate, Rd increased for both groups at glecose
platcan 5.5 mmol/l. Rd sigmbcantly decreased from
glucase platean 5.5 mmel/l to nadir glucose in both
groups (Fig, 3¢l Linear regression revealed a sygmificant
correlation between EGF and glucagon (Fug, 4],

MNorepinephrine and epinephrine

Mean norepinephnne concentrations (Fig. 3} did nest
differ Between both groups except for lower concentra-
toomis of norepinephrine at baseling in Coneg compared
with C-pos patients. Mean epinephrine concentrations
(Fig. 2e) were lower in C-neg patients at plateau 5.5 and
A0 mmal/L than in C-pos patients.

Hypoglycemic awareness and hypoglycemic
symptom scores

Ar plucose plarean 5.5 mmal/l, all participants an-
swered “no” o the question Do you feel hypoglyee-
mic?™ and at glucose plateau 2.5 mmol/L, 57.1% of the
patients answered "yes,” regardless of their C-pepride
status. Hypoglycemic symptom scores increased in re-
sponse to hypoglycemia, with no differences in score
according to the C-pepride starus, at any PG oplatean

98



daic 101210 201 7-01B36

hitps Sacademic. oup.camdiem 1413

ar - B 1600
g &
& ~ 7
Ly ‘g & .gn-}
o E .
'_l_| &
a4 -
- 82 I :
IE 24 ¥ 2 7 B
1Y .E 4 . . .
5 48 a8 2% 40 ) ) B% 55 a8 25 40
o e (g Fuladkn L] l}-ﬁln..-'a nqﬁnluln u-lm-r-: P rriade= -

ﬁ.l'..m.l?lq.u--pl.—mu [rmemici)

Mapma mpln-u-,w:l

Plasma ghooomn plateay {memold]

Figure 2. {a) PG concentrations, &) TTR, and (2) AUC., during fypogleemic clemp sl baselne (5.5 mrmalL, low insding and a1 each PG plabesy
(high insulnl in C-pas and C-neg patients. Four samples soere taken at 1 0-minute interdals after patients resched baseline and the respective PG

(3.5, 1.5, 2.5 mmall). Two samples were taken a1 10-mirute inlervak a1 glucose plateaw 4.0 mmall. Data are presented ai means = 50, C-pos
patients, emply squares and white bard, C-neg patients, full drces and black bars; gray shaded areai, baseline and asch PG plateau. AUCqp was

caloulated with the trapemidal methed. *P < 0.05.

ar when PG odecreased from platean 5.5 mmol/L o
2.5 mmaol/L.

Di i

Our main finding was thar induced hypoglyeemia
revealed significantly higher glucagon concentrations in
C-pos than in C-neg patients and therefore might con-
tribute to more pronounced EGE in these patenes. Fur-
thermore, significantly lower glucagon concentrations
were detecred in all parients ar baseline and ar each PG
plarcau than those found in previous soodies (22, 23,
33, 34).

Clucagon levels in C-pos parients were significantdy
higher in cuglycemia and throughour the hypoglyeemic
clamp than in C-neg parients. Interestingly, we found
an insulin-dependent suppression of glucagon secretion

o

EGP (g kg * min 1)

Pl Qa0 | [emokl] &
- -

from bascline to PG plarcau 5.5 mmol/L in borh groups.
Furthermore, we observed in our C-pos patients a
hypoglycemia-induced threefold ro fourfold increase in
glucagon secretion from PG plarean 5.5 mmol/L ro nadie
(3.3 1o 9.9 pmaolL, difference of .6} and to recovery (3.3
o 13.% pmolfL, difference of 1006, In our C-neg patients,
hypoglycemia-induced fourfold ro eighrfold increases in
glucagon secretion from PG plarean 5.5 mmol/L ro nadie
(0.7 o 2.9 pmolfL, difference of 2.2} and oo recovery
(0.7 1o 5.7, difference of 5.0) were seen (Fig. 3a). The findings
of reduced bur responsive glucagon levels ar cuglyoemia
and hypoglycemia in T1DM are in contrast to previous
reports describing hyperglucagonemia independent of
C-pepride staros and glycemic levels (34, 35). Although in
the current experiments we cannot establish the mech-
anism of the plasma glucagon levels, icis likely tharae-cells
in the islers of Langerhans remain responsive to insulin
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Figure 3. {a) Plasma glucagen concentrations, [y EGP, {c] R, (d} rarepinephnine, and (g epinephiing a1 baseine (5.5 menalL, |oer insulng and
al each hypoolyeernic clamp plateau (high insuling in C-pes and C-neg patienls. Dats are means = S0, C-pos palients, white bars; C-neg

patiets, back bars, *® = Q.05 =*P = Q.01 ***F = 0001,
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Flgure 4, Linear regression of AL . qen and AL pp n all
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AT of BEGR at plateaus 5.5, 3.5, 2.5 istandardized) and 4.0 mmcll
added 1cgether

and te low glocose levels. This assumption 15 supported
by our findings that C-pos patients exhilat lagher glu-
cagon levels than Coneg patients amd by the positive
glucagon levels staming in long-term paents  with
TIDM (36).

In lime with our l"iruiin,g,q, Madshad er all {22) alen
ohserved higher glucagon levels with hypoglycemia in
C-pos patients with TIDM compared with C-neg patients.
However, they did not see any difference in glucose re-
covery berween the owo groups, and no EGPs were de-
termined during cheir study. In concrast, we cabloulaned the
EGP and observed a greater EGP response ar hypogly-
cemia (2.5 mmol/L} and recovery in C-pos than in C-neg
patients. The reasons for these diverse results may lie in
different hypoglycemic experimental setups, Madshad
ef al, induced hypoglveermia with a constant msulin in-
fusion, and they stopped the insulin infusion when patiens
had symproms of hypoglveemia, regardless of their PG
valwes, In contrast, we mdoced hypoglvesmia stepanse
depending on the panent’s PG owvalves (PG oplatean 3.5,
2.5 mmolL). Theretore, our clamp and the duranon of
hypoglveema for each patient lasted longer, which could
explain the different indings regarding glocose recovery.

In view of the anatomy of the pancreatic islets, one
wontld expect in the basal euglycemic stare that in C-pos
patients with T1DM, the higher inzulin concentrations at
the level of the a-cell would suppress glucagon secretion,
which would result in lower blood glucagon levels in
C-pos TIDM compared with C-neg paents with T1DM.
However, available published research comparing hoe-
mone levels berween healthy subjects and patienes with
TIDM suggests thar the reverse is the case (37-39). This
rescarch suppors our findings of higher glucagon con-
centrations at baseline in C-pos than in C-neg paticnts

For copyright attribution, see Footnote 1
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with TIDM and suggeses that in C-pos patients, the
passsibly higher insulin concentrations at the level of the
ee-cells may not suppress glucagon secretion.

Apnother impaired counterregulatory mechanism 1o
decreasing PG in patients with TIDM i arenuared se-
cretion of epinephrine and norepinephrine concentra-
tions, In healthy subjects, the epinephrine response o
hypoglvoemia has also a somulating effect on the EGP
and limits glucose unlization by insulin-sensiove tissues
{40, 41). It has been reported that the epinephrine re-
sponse to hypoglycemia in healthy subjects and panients
with new-onser T1DM remained incact, whereas patients
with long-standing T1DM showed dimimished epineph-
rine response (9, 421, However, we did not find a sta-
tistically sigmficant difference between Copos and Coneg
patients regarding the epinephrine and norepmephrine
response te hypoglyeermia, but we found a rendency ro-
ward higher epmephrme and norepinephrime levels
Copos compared with Coneg patients, Based on these
resules we assume that the epinephrine response might
also contribute o the differences in the BEGP response,

Several well-controlled clinical inrervention studies
have been performed aiming o prevent or postpone
TIDM in people ar risk and preserve residual @-cell
function feom autoimmune destruction (43-45). 5o far,
these interventions have not been able o sop the au-
wimmune destrection of G-cells, bur residual g-cell
function has been preserved for a cerrain time (44-46).
C-peptide status has been associated with severicy of
hypoglyvoemia in patients with T18, but the mechanism
by which residual el function and its impact on a-cells
protect from severe hypoglycemia s stll controversial
(3%, 37). It has been suggested that the inahilicy of a-cells
to produce adequare amounts of glecagon during hy-
poelveemia and the risk of severe hvpoglyeemic events 15
mereasing with the loss of Becell funcoon (17, 180, In a
previous study (23], the diabetes duranon of panents with
TIM (7.8 = 3.6 vears) was comparable to thar of cur
Copos patients (range 1 to 8 vears), However, our C-pos
patients had higher glocagon levels and higher EGP
vilues, We assume that the observed glucagon congcen-
trations and the EGEF might have been even more pro-
nounced  during hypoglveemia in newly  diagnosed
patients ar patients with shorres diaberes duration,

The inclusion criteria for our C-pos patients was a
fasting C-peptide level of =005 amell, and it was
challenging to find such patients foe the study. Mever-
theless, after recruitment the mean C-peptide level of our
C-pos patients was (L16 amol/L. This level indicares a
residual amount of endogenous insulin secretion thar will
remain for a certain period of tme and thar definitely is
observed inall patients with T1 D8, To ensure enrollment
of paticnes with T1DM, the enrolled patents had a history
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o T1DM with acute by perglycemia and ketonuria, a daily
insulin requirement, and a normal BMIL

We induced hyvpoglveemia by applving a hyper-
insulinemic, srepwise hypoglycemic clamp and derermined
EGPF with a stable isotoge racer techinigue. Althoush the
tracer enrichment differed berween plareaus, it remained
stable within each plarean, which allowed us to apply the
moditfied Steele equation o caleulare EGP and Rd (31)
Unfortunarely, we cannot present dara for insulin concen-
tratons during the clamp, but based on resuls from Haother-
Miclsen e al. (47) and Bell e al. (48], we assume that because
of the high insulin infusion during the clamp and the likely
suppression of endogenous insulin secretion, the msulin
levels were comparable m both groups, Dunmg the hypo-
elycemic clamp, C-pos panents had higher mean PG levels at
plateans 5.5 and 2.5 mmol/L. than Coneg patients, The fact
that 1t was mere difficult to reach glucose nadir in C-pos
patients than in Coneg patients might be attributed to the
greater counterregulatnon of higher glocagon levels and
therefore higher EGP dunmg; hypoglvaamia in C-pos than m
Coneg, patients. Furthermare, patents with T1DM with an
increased gleeagon relesse during hvpoglycemia also had an
incrense of BGP, which stromgly suggests o relasionship
brerween glucagon and EGP (Fig. 41 Two patients showed
substantially high glucagon response in comparison with the
other patients, but the glucagon response in healthy subjecrs
i ewen higher than the rwo highest found in our soudy. C-pos
patients spanning a wider range of glucagon response to
hypoalyeemia would have been desirable for the soudy, OF
node, C-pos and C-neg panents showed similar glocose re-
quirements, the same Rd, and the same hypoglyeemic
awareness and symproms during hypoglyeemia.

A limitation of the study s thae it lacks a glucagon
stimulation test to sumulate endogenous insulin secretion
for C-pepide quanoficanion. However, detecting fasting
Copeptide concentrations 15 a vahdated standard, An-
other lmitation of this study is the lack of a nondiabetic
contral group.

In conclusion, indvuced hypoglveemia revealed sig-
nificantly higher glocagon concentratiens and might
contribute to more pronounced EGP in C-pos than in
C-neg patients, which indicates that preserved S-cell
function may contribute to counterregulation during
hg.-pr:glg,‘cemi:l in patients with T1DM. Additional
studies are needed o elucidare the role of the C-pepride
starus in the pathophysiology of glucagon secretion and
its impact on the EGP 1o counteract hyposlyeemia in
patients with TIDM.
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Abstract

Comtaxt: Tha affact of lirsglutide n C-peptda—positee IC-pos) typa 1 diabatas (T10] pateants durng hypoglycemia remans unclear,

Qbjeethve: To irvestigate tha affact of a 12-week lirsglutde traatrmant on the body glcesa flues during a hypoghyeemic clamg n C-pos TI0
patkens and 115 Impact an tha 8lpha- and bela-call rasponses dunng Mypoghoamia

Deslgn: This was a randomized, doutle-blind, crossower study. Each C-pos T10 patient was allocsted o tha tragimaent saguence liraglutkde/pla-
caba or placabadinaglutide with daily injactiers for 12 weaks aduncet b irculin treatmant, sepanated by & 4-weak washiout panod

Satting and Participamts: Fourtaen T10 patients with fastng C-paptice = 0.7 nmalL

Intarventlonisl: A1 patiants undarwant & hyperinsulnamic-stepwise-hypoglycemc clamp with isolope tracar [plesma glcosa (PG) plateaus:
5.5, 3.5 1.5, snd 3.9 mmol'L| aftar a 3-manth lragiutide (1.2 mgd o placaba Destrmant

Main Quteame Moasura(s): The responses of endogencus glucase production (EGR and rate of peripheral gucose dispasal {Rd) wara similar
for liraglitide and placeto treatrnant during the clarmp

Resaults: Tha numbiars of iypoglycamic evants were simdar in both groups. At the clamp, rmaan glucagon levels ware sgnificantly wer at PG
plateau 5.5 mmalL in the lraghatida than in the placebe groun but showed srndar rasponsas 1o Typaghyeernia in bath groups, Maean C-peptde
krvals ware skarficantly bgher at PE-plateaus 5.5 and 3.5 mmelL after braglutida treatment. but this aflect was nof reflacted in EGP and Rd
Hamogkebon A1c and body weight wara lowern, and a trand for reduced insubn was seen after linaglutide trastrmant

Concluslons: The results indcate that 3 months of Iregiutida treatment doas net promote of prolong hypoglycerma in C-pos T10 patknds

Kay Wards: typa 1 diahatas, hypogh da, heta-cal i . GLP-1 anakoges, clinsal irisl

Abbrgylntisag: AE. adverse svenis, AUC, aren undar tve curve, AUC, . ares undar tha curve of C-paphida bevals from 0 to 280 minutes; AUC,, 3nad ungder
ihe curve of endogenos glucoss produciion; AU, .. araa under the curve of glucese infusion rate; AU ___ . ares endé the curve of glucosa levals from ©
0 T80 mnites; AUG__ Anes undar the cunve o Ingain from 0 1o 240 minutes; m.l%qr area undar ihe Seve of paripheral glucasa dispasst AUL__ ... #r88
under tha cursg of ingulin syels from 010 250 minutes; BML body mass indes; C-pos, C-paptda posoye; EGF andog gl production; GIR, ghecosa in-
tusion rate; GLE-1, glucagon-ike psptats 1; HbA ¢, glyoosyiated hemoglobin &0c; METT, mixed maal toleranss best N, ber of patiants; WA, not applicabis;
MEFA, nonestertfind fatty arads; PG, plasma gl R, rata of pangharal gh depogal; SEM, SE o tha mesa; SW, Shapirp-Wilk nest

lirash

Liraglutide is a glucagon-like peptide-1 (GLP-1} recepror
agonist approved for the treatment of type 2 diabetes mel-
litus (T2} in combination with insalin or ather oral glucose-
lowering agenes (10, It stimulates insulin and inhibirs glocagon
secretion in a glucose-dependent manner, and it positively
influences metabolic contral due to weighe loss, decreased
glycosvlared hemoglobin Alc (HbALe) and improved insulin
sensitivity in T2ZD patients (2-4), Liraglutide trearment has
alse reduced the cardiovascular risk in patients with T20¥ |3,
&, Driven by these beneficial effects in TZD patients, several
studies have investigated the impact of liraglotide trearment

in type 1 diabeses {T1D) patients (7-15}, and beneficial effects
on metabolic control have been observed in some (8, 16-18),
but ot all, stadies (1921,

The Z largest long-term studies, a 52-week (ADUNCT ONE
sty (%) and a 26-week study {ADJUNCT TWO study | (17),
have tested the effect of liraglunde in T1IY Both studies ob-
served improved metabolic contral [measured by the HbATe
level), reduced insulin requirement, and reduced body weighe
with liraglutide treatment compared to placcho, Interestingly,
a subgroup analysis in the ADJUNCT TW study revealed
that the glucose-lowering effects after liraglutide trearment
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were more pronounced m C-peptide—positive (C-pos) TID
patients than i C-peptde—negative [C-negl patents [17).
However, in both tmals an inereased number of hypogly-
cemic events with liraglutide treatment compared o placebo
have been observed (8, 17, Furthermorne, m Coneg patients, a
liraglutide dose-finding study over 4 weeks showed a redoced
glucese mfusion rate (GIR} during a standardized hypogly-
cemic clamp (7], suggesting either an increased endogenous
glucese production (EGP) or a decreased rate of peripheral
glucese disposal (Rd). Nonetheless, how hraglunde affecrs
EGEF and Bd responses dunng hypoglycemia was not as-
sessed i this trial. Therefore, the aim of the presented study
was o assess the whole-body glucese flukes (EGFP and Rd)
under hypoglveemic conditions in C-pos T1D patients. For
this purpose, we performed a hyperinsulinemic-stepwise-
hypoglyeenmic clamp using a stable Botope tracer technigue.
Furthermare, becawse the EGEP and Bd fluxes mainly depend
on glucagon and msuln concentrations, we also assessed
counterregulatory hormonal responses durmg the clamp.

Materials and Methods
Fatients

We screened T1D patients with a ressdoal beta-cell function,
defined with history of acute hyperglycemia and ketonuria
at TID diagnosas, positive resols for ae least 1 of 4 specific
whet antibodes (glotamie acid decarboxylase, protein tyro-
sine phosphatase, sinc transporter 8, asler cell antibodies),
and with a cutoff level for fasting C-peprede of 2001 nmall
at screenmg vesat. All patents were treated wath daily insulin
mjections or continuous subcutanecus insulin imfusion, We
imclwded papients between 18 and &4 vears [both inclusive),
with a body mass mdex |BMI} of 190 w0 280 kg'm? [both
mclusmve ) and an HbAle £ 80 mmolfimal 129 5%,

Exclusion eriteria were the wse of a GLP-1 receptor
agomist withm 3 maonths belore study saart, a screenmg cal-
cibonim = 30 ngfl, a family or personal hseory of multiple
endocrne neoplasia gype 2, a medollary thyeoid cancer or a
hesgory of nonfamihal medullary thyroid carcimoma, and a
hestary of chrome or wWdiopathic acute pancreatitis, Further ex-
clusion criteria were the cocurrence of a severe by poglycemic
event within 1 month prier o screening and hypoglycemia
unawareness. For recruitment, we screened T1F patients wath
a fasting, C-peptide = 001 nmal/L who gave swritben informed
comsent for partsscipation in clinical wrials. The recruimment
lasted % maonths, and hnally 14 TID panents with fasong
Copeprade = 0.1 nmol/ll |C-pos) were enrolled and random-
izied to the study.

Clinical Study

We performed a randomized, single-center, double-blind,
placebo-contralled, 2-pericd erossover study. Each panent
was allocated to 1 of the 2 reatment sequences (Liraglotide!
placebo ar placeboflivaglutide) adjunct to mtensive insulin
treatment for 12 weeks, A washout period of 4 weeks be-
tween the 2 periods was carried out (Fig. 1AL Startng dose of
liraglutide was 0.3 mg, and the dose was inereased weekly by
0.3 g 00 reach a dose of 1.2 myg afver 4 weeks. This Anal dose
was then kept stable for 8 weeks. Liraglunde’placebo was ad-
mimistered onece daily by subcutaneous ingeceson ae 10200 pm.
Insulin treatment was adjusted depending on the treamment
dose and the patient's demand. Pamenes had o document

For copyright attribution, see Footnote 2
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the daily study prodoect administranon and each hypogly-
cemee event during the study. Written informed consent was
abtammed from all patens before any study-related activioes
were started. The clinseal study was approved by the local
ethics committee of the Medical Universaty of Graz, Austria
(26-070 ex 1314 and performed m accordance with the
gurdelines for good chinscal practice (22) and the Declaration
af Helsinks (231 The study was registered ar Clinscalirials,
gov (MOCTOZ408705). Mixed meal wolerances tests |[MMTTs)
were performed at the beginning and the end of each treat-
ment pericd (Frg. 1AL For all study days, the patients were
advised to mject long-acting insulin no later than 10:00 pm
2 days before stare of the MMTT, mtermediate-acting insulin
ar neutral protamine hagedorn mselin no later than 1000 pim
1 day before MMTT start and short-acting insulin no later
than & hours before MMTT start. Further, no hyvpoglyeemic
event was allowed o ke place i the mghe prior o MMTT
start, and a low-carbobydrate diet and strenuous exercise
lawer than 3 days prior s MMTT sean were avoided.

Stepwize Hypoglycemic Glucose Clamip With
Stable Isotopa Tracer Technigqua

At the end of each treatment period, all patents underwent
a hypoglycemic clamp. As deseribed previoosly (24), a stable
sotope tracer technigque (25, 26) was wsed to determine the
rates of EGP and Bd during the hypoglyceme clamp. Afrer
the MMTT (which was performed price o the clamp) had
been completed, patients stayed at the Clinical Trials Uit
po manage glyememic control during the day unnl the hypo-
glyceme glocose clamp was inmnated (Fig. 1B Lase foad
miake was allowed at 300 pm. Only short-acting insulin
mpection was used po correct hyperglycemia, but noe later
than sl prn. To avold hypoglycemic events [plasma glu-
cose (PG = 3.9 mmol/L), slight meake of rapidly absorbable
carbobydrates was allowed. Blood samples for the determin-
atenn of glucagon and C-peptide concentrations were drawn
at 945 pm, and the last liraglutidefplacebo adminissration
was performed ar 100 pom. To mamtain normoglycemia
avernight, patients received either a variable human soluble
misulin infusion [40 U Actrapid (1000 WimL), MovoMordesk,
Copenhagen, Denmark, m 996 mL MNaCl (154 mmaolL)
until B:00 am or a glocose mfusion (10%, Fresenes Kabi,
Gerae, Awstria), untl 5200 am. Mo vanable glucos: miusion
was allowed 2.5 hours prior the first PG oplateau 5.5 mmol/L
(low msuli). NG was measured every 5 1o 30 minutes de-
pending on the PG level (PG rget of 5.5 mmoll + 30%}
g avodd nocturnal hypoglycemia (PG £ 3.9 mmol/L). Ar 5060
an, & bolus (9.6 mglkgiming of stable tracer [6,0-"H, |-glucose
solution (104 gL, Euriso-Top, Same-Aobm Cedex, France)
was given mtravenously over 1 minuge and thereafter ar a
constant rate of 008 mekgimin unal the end of the clamp.
At 7230 am, afeer equilibriom conditions for tracer glucose
and stable euglveemia (MG 5.5 mmol/l) had been achieved
{24, assessments at ambient msulin concentrations {low in-
suling, baselme duration: 30 minutes) were performed. A this
PG plarean, a PG level deviation of = 10% was allowed and
the variable msulin miusion was Axed during the whole PG
plateaw. Ar 8:00 am, for induction of hypoglyeemia, the in-
sulin infusson was mcreased vo o fived rate of 1.5 mUkgfomin,
and a variable glucose miusion with 4 myg [6,6-°H, |-glucose!
ml was adminstered antravenously wo keep the PG level
stable at 5.5 mmol'L. After 90 minutes, the first PG plateaw
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“with liragluti

o pl di

1 insub in Cpaptice—positve TID patients, Dose was slepriss incrassed Trom 0.3 1 06 16 09 10 1.2 i over 4

woaeks. Sbbreviatians: A, randomization, MMTT, mixed meal tokerance test, Clamp, Fypeninsubnemic bypoglycemic clamp. THypoglyoemio response
FaseBsmMens ncludas Dlodd parples 10 38088 16,6-"H Hooss COnpanIrations, countemegulatony hormang levels [Qlucegen, noamgeireghiing,
apinephrine, contisal, growth hormanes), C-peptide, insulin, ghoeral, lactate, nonestenfied fatty acids, sital signs, mypoglycemic awareness and
Ty b B AC AT B TeENE. *Las Do samging 16 maapuns Qicapon and C-peptide concantmtions balors e mpoghasemis Clamp was stamsd
L ast liragiutide/placebo administration subofanecusly at W00 pm. “Variabke nsulin or glucase imfusian ta maintain romoghsoemia avernight. Ko
ghaces indugion wes alkeed 25 hours prior 10 The plasma glucese PG platssu 5.5 mrall Jiow sudind, Ireudin infusion rete was kapt constant during
the PG plateau 8.8 mmalL (kow insuling. %8 bolus of 9.8 mp kg’ min-' of [65'H,|-gluzose was given for 1 menute, and & corstant rate of 008 mg k!
roin~" wntil the and of e clamp. *Glusoss nlusion rate was with [5.6-H, Hlucose @ mgfml). Recowary perice, delined a3 the time st PG platasy

2.6 mmolL 118 minuies| after the constant insuln infuson had been siopped to reach PG plateau 2.5 mmolfL. Desired medmuam time 1o reach platesd
3.8 mialL e 45 minutes, " Free ) of ghucoeee” intaral in Time dninutad; medisn i niramsmasmun)

(PG 5.5 mmoli, high insuling was starred and kepr for 30
minutes, Then, the glucose infusion was stopped, and the PG
level was allowed to drop to 3.5 mmell, and then kept for
) minuees ar 3,5 mmolL. with a vanakle mracer glucose n-
fusion. Afrer this platean, glucose was again stopped, and PG
levels were allowed o drop to the nadir of 2.5 mmol/1., With
tracer glocose infusion, nadir levels were kepr ar 2.5 mmolfL
for 30 minuges. Fifteen minutes after having reached nadir
#lucose levels, the fixed msubin infusion was stoppesd, and

For copyright attribution, see Footnote 2

the glecose infesion was tapered off o allow spontaneous
recovvery from hypaghocemia, IF PG had not recovered 45 min-
utes after stop of the insulin nfusion, a constant ghicose in-
fusion of 5.5 mgkg/min was ininared to reach the lase PG
platean of 3% mmoll (PG plateau held for 10 minotes),

The recovery period was defined as the fime ar PG plarean

25 mmaoll from termination of msulin infusion o reach
PG oplatean 3.9 mmaolfl, Patients contnued fastng (only
water consumption was allowed) and staved in a supine or
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semisuping position throwghowt the hypoglyceme clamp. At
MG plageaws 5.5, 3.5, and 2.5 mmol/L, blood sampling was
performed at &, 10, 20, and 340 mimuotes o assess [6,6-°H, |-
glucose concentrations for the caleulaton of EGP and for
the Rd, the levels of counterregulatory hormones glucagon,
norepinephring, epinephrine, cormsel, growth hormaones, and
the concentrations of msuling C-peptide, glycerol, lactate, and
nonesteried facry acids (MEFA) were assessed. At PG plageaw
3.9 mmol/L, blood samples were taken at 0 and 10 minutes.

Mixed Meal Tolerance Tast

Tor assess the residual beta-cell function of our patients,
MMTTs were [mzrfnrnl.ﬂ] at the ]:legjnnll:lg and the end of each
Ereatment p-e’rlud IFi.3,_ 1A) (27). After an Ll'l.'ennight fase, each
puti-ﬂlt arrived ae the Clinseal Trials Unie m the TN and
&tn}':d in :upi.lm 4 klllisupi:w ]:-:nltii:-n d.uring the MMTT.
Eight hsurs pril.rl' e start of the M h—iT'T, thi: pnl'i:l:lls were al-
Lovwed po drink 200 ml of water, but no water intake was per-
migted 2 howurs before wal 1 howr after start of the MMTT.
A hand vein was cannulated for sampling anenalzed venouws
blood, and the arm remained wrapped 0 a heating blanke:
throughout the MMTT. At 8:00 am, each patient drank a
standardized liguid meal (4.8 mL MNuotrica Fortimel complete
per kg body werght; maximom velume: 288 ml| within 8
ruinutes. To evaluate the gastre empeying (GE| dunng the
MMTT, the paracetamol absorption technique was used (18-
30, whach involved the enrichment of the meal with 4 mLékg
body weight of an aguesus seluton of paracetamal [§ mg!
il ). Blood samples were taken regulacly unnl 240 minues
after MMTT start, and glucose, insubin, glucagon, C-pepiade,
and paracetamaol concentrations were determned in thode
samiples.

Blood Sample Analyses

Blocd samples for glucagon measurements were collected
m PAMD EDTA tubes |H-DTM, Becton Elu.'ki.m-:m, Franklin
Lakes, NJ, USAY as described in Ffene et al Il-'i-], and 1]1.1-:.'
were amtlveed with a solid phase 2-ste enzyme immuonoassay
(Mercodin Glucagon ELISA, Sweden; RRID:ARB 2737304).
The intra-assay coefficient of variation [CV] was <5.1%.
Glocose and [6,6-H, |-glucose were collected in - sodium-
flucride tubes, and analytes were quannfied wsmg gas
chromatography-mass spectrometry (TH90a GO, 70000 WS,
Aglent Technologies, Santa Clara, €A, USA) (24, 31, 32). The
tracer-to-tracee ratio wis caloulated wsang the peak areas of the
glucose and [6,6-"H, |-glucose (24} 1o calculate the EGEF and
the Rd. To determine C-pepride concentrations, serum tubes
were wied and measured with a Z-sge sandwich immono-
agsay [ADVIA Centaur, Siemend Healtheare Diagnostes, UK
REID:AR 2909501; CV < 4.0%:). The lower limit of quan-
thication was 200017 amoll. A radioommunoassay (DRG
Instruments GmbH, Germany; RRID:ABE_ 29095020 was
used to determine norepiephreine (CV £ 9.3% ) and epineph-
rine concentrations [CW 2 1001%). Cortisol, human growth
|'|l:m1|-|:l|:|Et, and  insulin comcentrabwons  were  determined
with i.lll:lnun-:hah;.ljrs l:.l’l[:l"l"].r’l CJEI:II:U.IJE, Siermens Healtheare
Duagnosties, UK cortsol: REID-AB_ 2893154, CW = 3.3%,;
human growth hormones: REID:AR_25059498; CW = 3.4%,;
masulin: RRID:AB 2905499, OV 2 3.3%). NEFA and gly-
cerol were measured photometrically |DiaSys, Holeheim,
Germany; NEFA: CV = 1.1 % glyceral: €V = 1.3%) on an
Olympus AlUs4) [Beckman Coulter, Atlanta, Georgia, LSA).

For copyright attribution, see Footnote 2
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PG and lactare concentrations were measured at bedade with
a plucose analyeer [Super GL; D Muller Geriitebau GmbH,
Frenal, Germany; PG OV < 2%, lactater CV < 2.5% ). Serum
tubes were used for paracetamol and measured with an en-
wyvrwe immunoassay (Roche Diagnosacs, Basel, Switzerland,
REID:-AR_2509506; OV = 2.5%) an a Cobas 6000 {Roche
Dagnosnes). HbAle was measured with HFLC HA 8180
Oskar [Menanm Diagnoses, Vienna, Austriag; ©V = 0.5%),

Statistical Methods

All data are presented as mean = S0, b not otherwise staved.
The level of agnificance was set to alpha < 0,05 {2-saded).
Based on resules from a previowsly pecformed stady (7],
the prinl:l:r:r endp-cninl! was defined as the sum of the areas
under the EGPF curves I'.-’;Ul:nlrl abserved during the PG
platean phases 5.5 (high imsuling, 3.5, 2.5, and 3.5 mmol/L
The s-m'_‘d:ll:ldulj-' Enr]]:-i:-il:lls mluded the AVErdape EGE, Rd, MG,
tracer-to-traces rabo, C-pepide, msuling counterregulatory
hormones [glocagon, norepinephrine, epmephrine, cortisol,
and growth hormone), glveerol, and lactate as well as the
MWEFA values observed during the mdivedual PG plateaus of
the clamp. Furthermaore, addiional endpoints were the sum
of the areas under the GIR curves (AUC |y observed dunng
the MG platean phases of the cdamp and the area under the
PG, Copeprede, msulon, and glocagon curves observed dunng
the MMTT. In addition, g determine GE efficiency followmng
mial mgestion, the area under the paracetamol curve as well
as the time to reach the maximom paracetamaol concentration
alserved durmng the MMTT wene caloulared [28-30).

All AUCs were caleulated usimg the trapezoidal method.
The cutcome parameters were analyveed by means of a auxed
effects model, wiless otherwise ndscated. The mixed effect
miodel used the reatment sequence and period as ixed effects
and subject as the random effect.

For mmp|u' size caleulatron we assumed a minimal clin-
i|.'u.||:,- relevant difference of 25% between treatment with
|i:ru.;|_.',,||.1|:i.|le and treatment with pLaL"ﬂ:u:l. Further, we Prsiu-
lated an S of 0.223 n@'kg."ll!li:n. {which utu'rrhp-mu]:- taa OV
aof 100%); thus, a Z-wiled 1-sample r-test with 3% level of
sigmificance and a power of 80% would require a toal of 10
patents, To provade for a drop-out rate < 30%, the number
af patients had oo be meresed o 15 patients. Mo correctuons
for multiple testing were performed. Data analysis was done
with 5A% 9.1,

Results

Fouwrteen TID patients with fasting C-peptide = 001 mmaol/L
(C-posiz 7 female, 7 male] were enrolled into the study [Table 1).
Abscreenmg visit, the patients” mean age was 336 = 12,1 years,
the mean diabetes duration was 3.4 = 2 years, and the mean
fasting C-peptide value was 0.23 = 0,12 nmol/L. The patwents
wsed dasly msolin imjections [n= 12) or continwous subcura-
neous nsulin mfusion in= 2} with tatal duily basal inaulin
dose of 8= 7 U [minimuem-maximum (min-max] 0-28] and
@ tatal d.a||}' balus insulin of 13 = & IU {mun-max 6-24). All
patients completed the imal. Pavens of both sequence groops
(liraglupde’placeba,  placeboflimgluede) had  comparable
wight,EMl, {Iﬂ:illg C-pEp!lﬂE lewels, HbA 1e values, and ol
mean daily insulin requirement [liraglutide: 149 U=+ 81
(min-max 2-31); placebo: 183 = 12,1 [U {mm-max 4-50]].
According to the MMTThy poglvcemic exclusion criterna, no
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Tabkle 1. Cinical cancoms in C-paplcke—postveg 710 palents ot basaling and after @ 12wk treaiment taath 1.2 mao liraglutice ard placebo

el i)

Haiclani Afier a F-momth treatment Drifferineis bitwiin baselme and
F-manly treatmand
n Mudian Mudian Pevalue® Whodian Paaloe
i'man, max| {man, max| |rmim, max
Bady wenghr, kg b [LEHHR
Liraghstich 14 TILT (53,01, 95.3) [ ) ) ] 155 ({1, 641
Maceh 14 TLAA0.S, 84T T1.1 (50,9, 958 =095 (=4.3, 1.3]
BT, R I i
Liraglutice 14 230 (150, 270 22,1 (18.2, 25.8) 0.73 R0, 1B}
Macebho 14 IR (189, e B) 154 (2000, 2700 ~0.28 - 1.6, 0.5]
Factirg L:-pq'illch_', el 0,451 1541
Liraglwtice 14 019 05, 0,58 U200 [0S, 0.6y 0.0 (=00 16, Bs)
Macehis 14 020 (i, 0555 0,20 (0s, 0620 O (=009, 1)
Fastivg glucapgom, pmold* 0,048 594
Liraglutide 14 TH 4.0, 33.9) TAL (2.6, 29.0) 014 (=5.2, 1018
Macehis 14 161548 22 H) 9T AE, A0 =038 (=210, 14,1)
Fasting P, mmuoll 0,407 0,554
Liraglunide 14 B.1i5.0, 12.5] X4, 14.7) 086 (=5.2,8.2]
Maceh 14 g 59 15.1) a4, 11.2) 0,71 (=25, 8.0
HhA e, mmolimol <[] IRk
Liraglande 14 323 (3%, 69) AR (3L, | iE(-k0, 9.0
Maceho 14 S0 (3T, T £4.% (40, F6) —30 (=100, 1
HhAle, % =0 0003
Liraglarde 4 79 (5.7, 850 a5 (5, 8.2) .5 (-0.3, 0.8}
Magih 14 b7 (5.5, H.H) T1isK %1 =01, 27 (=09, 00,2}
Tatal daily insulin, 1L 0064 0198
Liraglaride 14 176 (2.7, 48.7) 12562, 51) 5 0-Te, 12.3)
Fagiho 14 16,8 (4, 43.3) 15.2 (4, 5 1.4 (-12, %)

lrlrlvufh.q_l,lhﬁ\:il'lu' i P 08 (halded in rabds 13
Abbsevianions : s, Samam; &in, i,

‘Fuor assessment of fascing l..'-p:ﬁndruuu:lﬂu.‘ap.m comcentratioes, Blood samples were collected prior to mixed meal colerance nest seam,
| .

"amparteons berween S-mant

s

patient had had a hypoglyoemic event the mght prior to the
BAMTT aor was on bow-carbolydrate diet or did a strenvous
exercise laver than 3 days prior to the MMTT start.

At the end of the run-in penod and durmg the fra PG
platean phase (5.5 mmaol/L; bow msuln), patents ereated with
lraglutide had significantdy bower insulin mfusion rates com-
pared with those treated with placebs [liraghetide: D085 mlly
kgfming placeba: 0180 mUkgimmng P« 00001).

Hyperinsulinemic, Stepwise Hypoglycemic Clamp
Endigenous glucose production, rate of perpheral glucose
dispaosal, and glucagon and C-peptide levels

The mean AUC_ and AUC | values were comparable in bath
treatmient groups (Ps 00247 and P s 0963, respectively).
Blean EGE and Bd rates observed doring the mdwvidual PG
platean phases did nos deffer between the 2 treatment groups
#0131 (Fig. 2A and 2B). When the high-dose insulin m-
fusion was commenced, EGP rates decreased and Rd raees
increased i both treatment growps (mean EGP: liraglutide:
Po000l, placebo: Pec0001; mean B licaglutide:
o 00001, placebo: P oo 00001 ) (Fig. 24 and 2B).

For copyright attribution, see Footnote 2

wearment and mosth plicebo rreamnent using tee Wilcoxon signed rank near

Mean glocagon levels of the 2 treatment groups were
similar at ambient conditions bt differed a PG plateaw
5.3 mmol/L after the high-does insulin infusion had starred.
Ar this plavean, the liraglutide sreatment group showed sig-
ntheantly lower mean glecagon levels than the placebo treat-
ment group (P s 001} (Fig. 3A)

Mean Copepride levels were significantly higher in the
liraghstide than in the placebo treatment group at PG plateans
53 (hagh msuling and 3.5 mmol/L (PG platean 5.5 mmoliL:
P e 0033 PG platean 3.5 mmoll: P = 00011) [Fig. 3B).

Masma glocose levels, tracer-to-tracee ratio, glocose infusion
rate, and insulin levels

Afrer mduction of hypoglycemia, the mean PG valoes were
comparable in both treatment groups. The mean gracer-to-
tracee ratio remained stable within each PG plateau and did
also not differ between hraglusde and placebo treatment
during the hypoglyoemse clamp. The AUC_ values and the
meean imsulin concentrations were comparable between both
treatment groups during the hypoglycemic clamp. Further, no
statistically agnificant differences of AUC_ | and insulin levels
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iliL,

ke insuling and a1 hypoghycemic clamp plateaus (high insaling in the limglutide dick barl and the placeba lwhite bar trestmant groop Data ara
prasanted o= mean = 55 of the rean, Lewdd of signilicance is &= 005, Adbredation: MA, ne samgkes were collscied 3t thg plaeay

berween the 2 treatment growps were observed during the re-

covery puriru;] |hupplc,'|11¢nr:1| Figure 2 {(33}].

Other counterregulatory hormones and analyses

Thie mean coneentrations of epinephrine (Fig, 200, norepineph-
rine [Fig, 213, cowrtisol (Fig. 2El, grovwth hormones (Fig. 2F),
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glveeral, lactare, and NEFA were comparable in the 2 trear-
ment greaps at all PG platcans [Supplemental Tables 1-4 {34}].
Patients treated with |ir:1§:|||'ri|,'||,' had similar h}'pnjl_l:.rrmin:
SYMPEOM s00res and hﬁ'r\-nj:]g.'..'m'.i..' awareness as placehn-
wreated parients ar all PGoplateaus during the hypoglyeemic
clamp.
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Mixed Meal Tolerance Test and Gastric Emptying

ALCvalues for glocose from Do 240 minoees (ALC )
as well as the time to reach the maximum glucose con-
centrations did not differ berween the liraglunde and the
placebn group after 12 weeks of treatment (Fig. 44 and
4B Similarly, the AU values for C-peptide |Fig, 40 and
40} and ansulin comcentrations [Fig, 4E and 4F) from 0
to 240 minures {AUC, o and AUC L respect-
ively| were comparahle hetween the 2 treatment BTOups
after 12 weeks of trearment. The AUC values for glucagon
were similar between the treatment growps. At the 1T80-m-
nute time poing, C-pos T patients had  significantly
lovwver glucagon levels after 3 months of hraglotade treat-
ment compared to the baseline within the treatment group
[P = 0021 and compared to placeha after 3 months of
treatment |F = (L] [Supplemental Figure 1 (35]]. The
AL values For paracetamaol did not show any difference
hetween the 2 treatment groups, nor did the tme o reach
maximum of paracetamol concentrations {Fig, 4G and

4H).

Climical Cutcomes

Lower glucagon levels were observed i the marming before
the MMTT was smarted after the 12-week trearment m the
lraglutide than in the placebo group (F = 002K, Patienss
treated with liraglutide had significantly lower body weight,
BMI, and HbAle than patients treated with placeheo (Table
1. The liraglutide treatment group showed a mrend for re-
duced insubin requirement. During the study, 274 hypogly-
cemic episodes were observed, and no difference was seen
hetween hoth treatment groups (liraglabde group n= 129;
placebas group n = 145),

Adverse Events

Saxty-four adverse events (AEs) occurred during the clinieal
study, of which 55 (85.94% ) were mild and % (14.06% ) were
mosderate. Mo severe AE and 13 AFs with gastrointestinal
symptoms |[primary nausea, vomiting, diarthea and ohstipa-
HCHT ) Woere s,

3589

Discussion

Thas study investigated for the first ime the effect of a
12-week liraglutide rreatment adjunct to insulin in T1D pa-
tients with Faseing C-peptide = 001 nmolL (C-pos) during
insulin-indwced hypoglyeemia. We observed that liragluvide
treatment dud mot alver the EGP or the Rd responses 1o hypo-
glycermia, Alse, the number of hyvpoglycemic events was
simmilar v the 12-week liraglupde rreatment group compared
o the placebo group. These results indicare thar 3 months of
lieaglutide treatment does noet promote or prolong hypogly-
cemia in C-pos T1D patients.

Owerall glucagon levels were similar under fasting con-
diticns after 12 weeks of licaglutide reeatment companed 1o
placebo, Interssongly, afver starting high-dose imsulin infu-
sion amd maintaiming euglveemias (platean PG 5.5 mmolfL,
high insulin, glucagon was suppressed o a larger extent in
the lieaglutide group than in the placebs growp. An overall
suppression  of  glocagon  levels under  hyperinsulimemic
cuglveemic conditions is known o occar (36), but why
lieaglutide rearment showed greser suppression of glucagon
levels than placebo rreatment remains unclear, However,
during hypoglycemia (plavean PG 3.5 and 2.5 mmolL], the
glucagon secretion was comparable in both groups, indicaring
similar responsiveness of alpha-cells roward hypoglycemia.
Liraglutide-treared parients also had stanstically significantly
higher C-pepride levels in the early phase of hypoglycemia in-
duction [platean PG5S and 3.5 mmol/L), which may suggese
that supprsssion of endogenons insulin secoetion appears to be
less effective. However, these effiects were not seflected in the
glucose luxes, as we found ne differences in the EGP or Bd
pesgoases o hypoglyoemia berween the 2 treatment groups.

Mo significane impact on the orally simuolated C-pepride
seeretion was observed with liraglatide compared 1o pla-
cebo rrearment (Fig. 4). Furthermore, no differences were
seent i averall glucagon, PG, and insulin levels berween
bl groups. In addition, paracetamal concentrations were
similar i both grougs, which indicates that 3 months of
liraglutide rrearment bas no effect on the GE rate in C-pos
T patieirs.

A B
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Figurs 3. Mpan plasma glucagan 14) and Cpaphick conoentratians |B| during a stepwse hypoghtamc glucosa clamp with stabk isoiope tracer
lechnique at deer 1, 87 bassing (5.5 mmoll, low rduing day 21 and ar asch bypoglposmic damg plateau high inauling i thes iraghetics (bHeck barl and
alacabo fwhite bar| teatment graup. Data ane presenind as maan £ 5E af the mean. Level of significanca is P« 0.06
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In line with results from previous studies in T1 patients
treated with hraglusde (B, 17}, we observed a positive impace
on hody weighe and HbAdc of the liraglunde trearment. This
15 also reflecred by a trend for reduced msulin requirements

For copyright attribution, see Footnote 2

and supports the posiove metabolic effect of liragluride in
Cepos T11I% However, we did not observe an improvement in
wnsulin sensitvviey with liragluside sreatment, which mighs be
due ro the limited weight loss in our C-pos patients.
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In 2015, we have performed a dose-finding study with by po-
elycemia m C-neg T1D patients after 4 weeks of liragluede
treatment of either 1.2 or 1.8 mg per day (7] In this growp
of T1D patients, we observed a significantly reduced GIR
during hypoglycemia, which can be explaned by aeher de-
creased msulin sensativity or increased EGE These hndimgs
cannat be confirmed by this study in C-pos T1D patienes, We
did men fnd differences between liraglutde treatment or pla-
cebo for both EGE and the Rd. One reason for the divergent
results could be the different study populanons, The Coneg
patients T10 m the previous study had a longer diabetes dor-
amion (miean 214 years] and also a poorer metabolic contral
[HbA e, BMI| than owur C-pos T1D patients | 24).

During the hypoglyeemic clamp, mean insulin concentra-
ticns and concentrations of the counterregulatory hormones
norepinephrine, epinephrne, cortsol, and human growth
hormone were comparable between both treatment groups,
supporting the results of our study thar liraglutde does not
prolong hypoglveemia in C-pos panents. Further, we ob-
served the same frequency of hypoglyoemee events between
both groups, which 15 in contrast to results from other larger
traals (8, 171 and meght be explaimed by the careful msulin
adjustment m our rather small study. In addivion, our study
population experienced relatively recent onset of T1D and
may have some ressdual glucose metabolism regulation thar
could also limie the risk for hypoglycemic events.

It 15 known that the glucagon response shortly after diag-
mosis of T s associated with the level of C-pepude secre-
ticar, underlning that an insulin-glucagon interaction i islets
is crucial for hypoglycemia defense (24, 368] Owr data demon-
serate that a 3-month treatment pernod with a GLP-1 recepror
agonist does not change the overall response o hypogly-
cermia in C-pos T1D pasents with mean diaberes duraton of
1.4 years_ I a longer treatment period |eg, 2 o 3 years) has an
impact on the natural course of the disease needs to be evalu-
ated 1 futore studses,

Ad shown by Won Herrath et al (370, a combmation therapy
of an anti-mterleukin-21 antbody and liraglutide might have
a positive impact on the beta-cell function over 54 weeks in
recently diagnosed T100

Dirug adherence of the patients was high during our study.
Omly mild gastroineestnal side effects were observed, and
o drogouts due o severe AE oecurred. This high toleramnce
of the liraglutide treatment could be amnbutable to a lower
starting dose (from 0.3 mg o 0.6 mg) and a slower -
tion (from 06 mg eo 1.2 mgh of lraglutide than wsed in ocher
studies (B, 17, 21).

Motably, the glucagon concentratons described in both
treatmient groups were lower compared o those found m
earlier studies (7, 38, 3%). This can be explained by the fact
that in this stody we wsed a highly specibe double-sandwich
elucagon assay which s able o mesene mact glucagon only
[3a], whereas commonly used unspecific assayvs detect sploe-
products and inactrvated fragments of glecagon in addiion 1o
intace glucagon (40).

A limieation of our stedy is the small sample size wo detect
clianges m C-pepiade secretion. Pavients in our stody were
Copos, but had a disease durason of up o 3 years, For such
a miechanistic eial, i is very difficult to include patienes early
after duagnoses. Thus, our amemipr was o investigate the effect
ol licaghutsde in C-pos T1D parients which ausomatcally leads
o a risk of recrwivrment of late onser awtsimmuone diaberes i
adull paients. However, 1o the best of our knowledge, there 15

For copyright attribution, see Footnote 2

e3691

o clear distinetion bevween T1D and late onset autodimmune
dizbetes in adult patients, ar least not an the level of alpha- and
bera-cell funcrion. Our findings may not be applicable o newly
ranifested T1D patents or C-pos TID patients with a longer
diaberes duration. Another limittion of this soudy s tee rela-
tively shor duration of hragletide treatment (12 weeks), which
does mor allow ws po deaw conclusions about the long-teem effi-
cacy of ragluride in C-pos T panens, Liraglunde’s possible
lomg-term effects on sustainable mezabolic improvements and
its potential addisve benefits when wsed early in the course of
TI0 as well as ns possible effect o “burn out” the beta-cells
sodviber i C-pos T1D patients need o be further investigared.
Also, owr results should be interpreted with cauntion as a pure
liquid el vest is nor fully representative of the real-life condi-
ticas of T10 patients.

In conclusion, a 12-week rrearment with liraglanide adjunce
tor insulin does not increase or prolong hypoglycema com-
pared o placebo in C-pos T1D patients. However, the clinical
relevance of our findings remains o be evaluated in a lager
study populaton of C-pos T1D patents.
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