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Zusammenfassung

Mit der steten Zunahme an Personen mit Übergewicht und Diabetes mellitus Typ 2 werden

einfache und kosteneffektive Therapien notwendig, um die Betroffenen bei Ernährung,

Blutzuckerkontrolle und Gewichtsmanagement zu unterstützen. Die Verringerung des

Körpergewichts ist eine Schlüsselstrategie zur Verringerung des Diabetesrisikos. Bei

adipösen und prädiabetischen Personen verbessert eine Gewichtsabnahme von 5-7 %

typische Diabetes-Risikoparameter, darunter Nüchternglukose, Insulin und

Insulinsensitivität. Obwohl diese Ratschläge einfach klingen, ist es in der täglichen Praxis

sehr schwierig, eine dauerhafte Gewichtsabnahme zu erreichen. Eine Verzögerung der

Resorption der Nahrung, wie durch den duodenal-jejunalen Bypassliner Endobarrier™, oder

eine zeitbegrenze Nahrungsaufnahme könnten dabei helfen. Eine gründliche Erforschung

klinischer Parameter mittels körperlicher Untersuchung, Blutabnahmen und Dual-energy X-

ray absorptiometry bei Verwendung des Endobarrier™ und während des Fastens kann dazu

beitragen, die Ernährungsempfehlungen für Personen mit Typ 2 Diabetes zu personalisieren

und anzupassen.

Ziel dieser Arbeit war es, unterschiedliche Möglichkeiten der Modulation des Stoffwechsels

bei Personen mit Typ 2 Diabetes zu erforschen und ihre praktische Anwendung zu testen.

In der Endobarrier-Pilotstudie mit 10 Personen wurden die Auswirkungen der Implantation

des duodenal-jejunalen Bypass Liners (Endobarrier™) auf den Glukosestoffwechsel bei

Personen mit Adipositas und Typ 2 Diabetes untersucht. Der Endobarrier™ wurde für 36

Wochen implantiert und die Effekte auf Blutzucker und Gewicht untersucht. 24 Wochen

nach Explantation wurden die Parameter noch einmal gemessen um die längerfristigen

Effekte nach der Entfernung des Endobarrier™ zu untersuchen.

Das Dissertationsprojekt „Interfast 2“ untersuchte den Einfluss von 12 Wochen

intermittierendem Fasten im Vergleich zur Standardtherapie bei Personen mit

insulinbehandeltem Typ 2 Diabetes mellitus. Es handelte sich um eine unverblindete,

randomisierte, kontrollierte Studie mit 46 Personen. Die Fastengruppe praktizierte

intermittierendes Fasten an 3 nicht aufeinanderfolgenden Tagen (75% Kalorienrestriktion),

hatte aber keine Kalorienrestriktion an den restlichen 4 Tagen. Das primäre Ziel war die

Untersuchung der Auswirkungen des intermittierenden Fastens bei Personen mit

insulinbehandeltem T2DM. Das sekundäre Ziel dieser Studie war es, klinische und
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metabolische Veränderungen bei Personen mit T2DM nach intermittierendem Fasten zu

identifizieren.

Der Endobarrier™ erreichte bereits nach 4 Wochen eine Gewichtsreduktion, die über die

gesamten 9 Monate in der Nachbeobachtung erhalten blieb und auch 6 Monate nach der

Explantation noch anhielt. In der Interfast 2-Studie zeigte sich eine Verringerung des

HbA1c, des Gewichts und der Insulindosis in der Fastengruppe im Vergleich zu

Kontrollgruppe. In der Fastengruppe blieben bei einer deutliche Reduktion der Fettmasse

sowohl Muskel- als auch Knochenmasse erhalten. Bewegung und Ruheumsatz waren in

beiden Gruppen vergleichbar und änderten sich nicht signifikant über den Studienzeitraum.

Intermittierendes Fasten ist eine praktikable Ernährungsoption für Personen mit

insulinbehandeltem T2DM mit der Aussicht, den HbA1c-Wert zu senken und gleichzeitig

die tägliche Gesamtinsulindosis und das Körperfett zu reduzieren.

Sowohl der Endobarrier™ als auch intermittierendes Fasten bieten nicht-pharmakologische,

unterstützende Möglichkeiten, wie Personen ihr Gewicht und ihren Blutzucker wieder selbst

in die Hand nehmen können.
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Abstract

With the steady increase in people with obesity and type 2 diabetes mellitus, simple and

cost-effective therapies are needed to support people with their blood glucose control and

weight management. Reducing body weight is a key strategy to reduce the risk of diabetes.

In obese and pre-diabetic individuals, weight loss of 5-7% improves typical diabetes risk

parameters, including fasting glucose and insulin sensitivity. Although this advice sounds

simple, in daily practice it is very difficult to achieve lasting weight loss. Delaying the

absorption of food, as by the Endobarrier™ duodenal-jejunal bypass liner, or time-limited

food intake could help. A thorough exploration of clinical parameters by means of physical

examination, blood sampling and dual-energy X-ray absorptiometry when using the

Endobarrier™ and during fasting may help to personalize and adapt dietary

recommendations for people with type 2 diabetes.

The aim of this work was to explore different ways of modulating metabolism in people with

type 2 diabetes and to test their practical application.

The Endobarrier pilot study of 10 people investigated the effects of implantation of the

duodenal-jejunal bypass liner (Endobarrier™) on the glucose metabolism in people with

obesity and type 2 diabetes. The Endobarrier™ was implanted for 36 weeks and the effects

on blood glucose and weight were studied. At 24 weeks after explantation, the parameters

were measured again to investigate the longer-term effects after removal of the

Endobarrier™.

The PhD thesis project "Interfast 2" investigated the effect of 12 weeks of intermittent fasting

compared to standard therapy in people with insulin-treated type 2 diabetes mellitus. It was

an unblinded, randomized controlled trial with 46 people. The fasting group practiced

intermittent fasting on 3 non-consecutive days (75% caloric restriction) but had no caloric

restriction on the remaining 4 days. The primary objective was to investigate the effects of

intermittent fasting in people with insulin-treated T2DM. The secondary objective of this

study was to identify clinical and metabolic changes in individuals with T2DM after

intermittent fasting.

The Endobarrier™ achieved weight loss as early as 4 weeks, which was maintained

throughout 9 months of follow-up and persisted 6 months after explantation. In the Interfast
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2 study, there was a reduction in HbA1c, weight and insulin dose in the fasting group

compared to the control group. In the fasting group, both muscle and bone mass were

preserved with a significant reduction in fat mass. Exercise and resting metabolic rate were

comparable in both groups and did not change significantly over the study period.

Intermittent fasting is a viable dietary option for individuals with insulin-treated T2DM with

the prospect of lowering HbA1c levels while reducing total daily insulin dose and body fat.

Both the Endobarrier™ and intermittent fasting offer non-pharmacological treatment options

for individuals to control their body weight and blood glucose.
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1 Introduction

Diabetes mellitus

Diabetes mellitus, a disorder of the carbohydrate metabolism, comprises a group of

heterogenic disorders characterized by chronic hyperglycemia.1 Diabetes mellitus, was

named after one of its key symptoms: “diabetes” ancient Greek for “to siphon” or “to pass

through” and “mellitus” translating to “honey sweet” – describing the honey sweet taste of

the urine “passing through” the body of the patient trying to lower the blood sugar by

flushing out excess glucose.2 Polyuria, the condition of producing vast amounts of urine, is

often one of the first symptoms of diabetes mellitus.3

The prevalence of diabetes is rising globally and has nearly quadrupled since 1980. The

chances of halting the rise at the level of 2010 until 2025 are highly unlikely.4 Diabetes cases

are rising faster globally than any other disease.5 With exponentially increasing numbers,

the diabetes-related complications and mortality are a challenge for health care systems

worldwide.6 Diabetes is associated with increased mortality from cancer, infections and

reduced life expectancy depending on blood glucose management.7 Projections assume 700

million people will suffer from diabetes mellitus by 2045 with 374 million more

experiencing impaired glucose tolerance.8

Diabetes mellitus is diagnosed by measuring the fasting blood sugar level or using an oral

glucose tolerance test (oGTT).1 Fasting blood glucose levels (after not eating for at least 8

hours) should be < 100 mg/dL and 2 hours after consuming 75 g of glucose for the oGTT

blood glucose levels should return to < 140 mg/dL. If fasting blood glucose levels are in the

range of 100-125 mg/dL, it is considered an impaired fasting glucose and if 2 hours after the

oGTT blood sugar levels remain between 140-199 mg/dL, an impaired glucose tolerance is

diagnosed. Both of these conditions are considered a prediabetic state and a possible

indicator for developing diabetes in the future. Confirmed fasting blood glucose taken from

a venous sample of ≥126 mg/dL, any blood drawn during the day not related to food intake

with ≥200 mg/dL or a venous blood sample 2 hours after the start of the oGTT with glucose

levels ≥200 mg/dL will lead to the diagnosis of diabetes mellitus.1
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Though new subclassifications of diabetes are emerging,9 which might provide more tailored

treatment, diabetes mellitus is commonly divided into 3 categories: type 1 diabetes mellitus

(T1DM), type 2 diabetes mellitus (T2DM) and other types of diabetes mellitus like

gestational diabetes, maturity-onset diabetes of the young (MODY) and others. Even though

the symptoms are similar, the pathophysiology of these types of diabetes mellitus is

remarkably different.2

Regardless of the etiology, untreated high blood glucose levels lead to micro- and

macroangiopathy. Microangiopathy is seen as nephropathy with albuminuria and

progressive kidney impairment, as retinopathy with the potential of blindness and as

neuropathy with consecutive polyneuropathy, whereas macroangiopathy increases the risk

of myocardial infarction, stroke and peripheral arterial occlusive disease.1

Pathophysiology of type 1 diabetes mellitus

In type 1 diabetes, absolute insulin deficiency as a result of a destruction of the beta cells or

insulin secretion problems causes blood sugar to rise.2 The insulin deficiency leads to ketone

production and can result in weight loss, metabolic decompensation, diabetic ketoacidosis

and eventually death if no external insulin is supplied. While a strict “starvation” diet was

advocated to temporarily avoid glucosuria and metabolic decompensation, life expectancy

for children with T1DM was limited to a few years before insulin therapy became available.3

Pathophysiology of type 2 diabetes mellitus

T2DM is often used as a broad classification of various disorders leading to an elevation of

blood sugar.10 It affects primarily middle-aged and elderly people and is frequently

influenced by diet and lifestyle.2 Genetic predisposition, physical inactivity and body fat

increase can contribute to the development of T2DM.11 About 80% of patients with T2DM

are overweight or obese. T2DM is a chronic disease; often manifestation gradually develops

over many years with unspecific symptoms such as fatigue, reduced performance and thirst.

Hyperglycemia leads to symptoms such as polyuria, polydipsia and impaired vision.1
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Chronic hyperinsulinemia in obese people is often associated with insulin resistance (IR).

Rodin et al. hypothesized in a publication from 1985 that excess food intake raises insulin

levels, stimulates fat storage and leads to obesity, but insulin sensitivity remains normal at

the beginning. As the hyperinsulinemia continues over time, body tissues become less

sensitive to insulin stimulation and higher concentrations of insulin are required to achieve

the same effects on glucose and lipid metabolism. Over time, even supramaximal

concentrations of insulin are insufficient to control blood glucose levels leading to symptoms

of overt glucose intolerance and a vicious cycle of accumulation of body fat and

continuously rising insulin levels.11

A new, refined classification of diabetes was proposed by Ahlqvist et al. in 2018 by using

six variables (antibodies, age, BMI, HbA1, beta cell function and IR) to subgroup diabetes

mellitus into 5 categories:

· Severe autoimmune diabetes (SAID)

· Severe insulin deficient diabetes (SIDD)

· Severe insulin resistant diabetes (SIRD)

· Mild obesity-related diabetes (MOD)

· Mild age-related diabetes (MARD)

While SAID corresponds to T1DM with low insulin secretion, SIDD, SIRD, MOD and

MARD would represent subtypes of T2DM. These subclassifications would allow a quicker

identification of patients at risk for complications and the potential for a closer tailoring of

treatment in the future.5

Treatment options in type 2 diabetes mellitus

Lifestyle intervention

Nutritional therapy is cost effective and efficient in the prevention and management of

diabetes.12,13 Metabolic abnormalities preceding T2DM, like high fasting blood glucose,

hypertension and dyslipidemia often seen in the metabolic syndrome (MetS) can be managed
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with lifestyle interventions.14 In the Diabetes Prevention Program (DPP), weight loss was

shown to be the dominant predictor of a reduction in the incidence of diabetes. When

adjusted for diet and physical activity, every kilogram of bodyweight lost was associated

with a risk reduction of 16%.15 Currently there is no single eating plan that caters to all

personal preferences, comorbidities or socioeconomic situations to prevent T2DM.16 Low

carbohydrate diets have shown promise in improving glycaemic control and reversing

T2DM.17–19 Education and counselling are essential and need to be personalized to achieve

individual goals. A HbA1c decrease of up to 2.0% [20 mmol/mol] can be achieved in T2DM

within 3-6 months with intense interventions.12

The goals of nutritional therapy are to support healthy eating, to improve HbA1c, to address

the needs of the patient and to decrease or maintain body weight without taking away the

pleasure of eating. Macronutrient composition should be based on personal needs.12 Self-

monitoring of the intake of carbohydrates in people with T2DM is recommended and

necessary to calculate appropriate dosages if insulin therapy is used. While glucose is the

brains’ main energy source, it is not an essential nutrient and can also be covered by protein

and fat intake. The consumption of sugar should be minimized and whole foods preferred

over processed foods. A reduction of carbohydrates was shown to improve glycemia and can

be achieved with various eating patterns. Protein needs to be consumed in adequate amounts

to prevent muscle loss. Trans fats should be avoided and saturated fat consumption

minimized. In line, epidemiological studies have shown polyunsaturated fats to be associated

with a lower risk of T2DM. In people with diabetes the consumption of sufficient amounts

of dietary fibers has shown an association with lower all-cause mortality. While the common

goal of all eating patterns is to reduce calories, the benefit of interventions with low fat intake

appear to be mainly related to the weight loss, while interventions with lower carbohydrate

intake improve weight and glycemia.12,20 A reduction in HbA1c, blood pressure and body

weight can lead to a longer life expectancy in people with T2DM.21

Achieving the highest quality of life while simultaneously delaying or preventing

complications is the main objective in treating T2DM. It can be achieved by careful

monitoring blood glucose, minimizing cardiovascular risk and providing a patient-centered

treatment implementing and encouraging proactive self-care. An individualized approach

with careful consideration of the patients’ needs and goals is necessary. Nutritional therapy

and physical activity are key aspects. Further steps like smoking cessation and psychological
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support should be encouraged. With a growing number of glucose-lowering medication

options, hyperglycemia symptoms can be alleviated and quality of life increased. Successful

glycemic management can reduce the risk of both microvascular complications as well as

macrovascular events.12

An HbA1c of 53 mmol/mol (7%) is considered a reasonable goal for blood sugar

management in T2DM. Individual factors, such as frailty and comorbidities of the patients

as well as the risk of adverse events, such as hypoglycemia and weight gain need to be

considered. An interdisciplinary approach including doctors, nurses, sports scientists and

dieticians is necessary to avoid therapeutic inertia. While pharmacological interventions

such as sodium-glucose transport protein 2 inhibitors (SGLT2 inhibitors), dipeptidyl-

peptidase-4 inhibitors (DPP4 inhibitors) and glucagon-like peptide 1 receptor agonists

(GLP-1 RA) have expanded the options of pharmacological treatment and can improve heart

failure and kidney disease, the first-line therapies in T2DM are still Medical Nutritional

Therapy and physical activity.22

Medical Nutritional Therapy aims to preserve the pleasure, experienced while eating and at

the same time accomplish blood glucose management and minimize cardiovascular risk.

Eating patterns should be individually selected and accommodate personal preferences as

well as metabolic needs in order to lead to healthy eating habits and sustainable lifestyle

changes. Weight reduction can be achieved with nonsurgical strategies with intensive,

consistent counselling and a combination of dietary interventions and physical activity.22

While a minimum of 150 minutes of moderate activity or 75 minutes of intense activity are

recommended for cardiovascular health, these amounts of physical activity are considered

inadequate for weight maintenance or weight loss without reducing the amount of calories

consumed.23,24

Ideally, the treatment should start before the manifestation or diagnosis of T2DM at an early

stage of impaired fasting glucose or impaired glucose tolerance. The normalization of body

weight to a BMI of < 25 kg/m² and an increase of physical activity are the main goals. The

manifestation of T2DM and further therapy escalation can often be delayed, which may

explain the low numbers of people with T2DM during times of famine. Even remission of

newly manifested T2DM can be achieved in young people with T2DM.1 Dieting, defined as

the endeavor to reduce calories to lower body weight, has been the main focus of addressing
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obesity and T2DM.25 Diets with very low calories can help manage weight, reduce blood

sugar and can even put people with T2DM in remission but require discipline and patience.26

Although a reduction of calories physiologically leads to decreased body weight, people

struggle with diets and results are often not maintained. 95% of dieters regain their weight

after a few years and two thirds of dieters will regain more weight than they originally lost.

Dietary failure can therefore lead to mental health problems and disordered eating such as

binge-eating. The adherence to the diet has been considered an important factor in the

successful weight loss as well as seeing the dietary modification as a lifestyle change rather

than a limiting phase. People on conventional diets report increased temptation and difficulty

in moderating quantities of food. Patients often report binging tendencies after dietary

violations.27

Bariatric surgery can lead to massive weight loss and reduce overall mortality in T2DM.

However, the irreversible change in the patients’ anatomy as well as surgery per se bear the

risk of adverse events.28,29 Younger patients with shorter diabetes duration, lower HbA1c

and better beta cell function are more likely to achieve remission of T2DM with bariatric

surgery.30 A high fasting C-peptide as a surrogate marker for the beta cell reserve is

associated with a higher chance of remission and can be used to weight the risks and benefits

of bariatric surgery in T2DM.31 If diet and exercise are not enough to achieve the blood

glucose goals, oral antidiabetic (OAD) medication is the next step.1

Oral antidiabetic medication (OAD)

Metformin

The first choice of OAD for obese people with T2DM is metformin, a biguanide used to treat

diabetes since 1957.1,32 Metformin can improve blood glucose control by reducing the

hepatic glucose output without changes to the insulin signalling.33 It delays the resorption of

glucose from the gut, increases the glucose-uptake in the muscle and curbs appetite. While

the exact mode of action of metformin is still a matter of debate, it can cause gastrointestinal

side effects in some patients and needs to be cautiously used in people with lowered

estimated glomerular filtration rate (eGFR). Of note, metformin has also shown a reduction

in cancer mortality.34 Metformin does not cause drug-induced hypoglycemia. If metformin
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is not enough to achieve sufficient glucose control, a second OAD or a GLP-1 receptor

agonist (GLP1-RA) can be introduced.1

Sulfonylurea

While sulfonylurea drugs are a cost-effective medication to lower blood glucose by

enhancing the ability of the beta cells to secrete insulin, around 5 to 10 % of patients will

stop responding to the medication every year and 50% of initial responders will not continue

to respond to sulfonylurea after 10 years.35 They lead to an increase in weight, can cause

hypoglycemia and - like thiazolidinediones - play a decreasing role in the treatment of T2DM

in Germany and Austria.1

Thiazolidinediones

Thiazolidinediones belong to a group of oral antidiabetic medicines causing lowered blood

glucose and increased insulin sensitivity. While they are known for their glucose lowering

ability and glycemic durability, they can cause fluid retention, worsen congestive heart

failure and result in weight gain.22

Sodium-glucose transport protein 2 inhibitors

Sodium-glucose transport protein 2 inhibitors (SGLT2) provoke to a reduction of glucose

reabsorption in the kidney leading to pharmacologically induced glucosuria, which reduces

blood glucose levels. They are nephroprotective and show a reduction in cardiovascular

mortality, but can also lead to urinary tract and fungal infections.1 The efficacy of the blood

glucose reduction depends on the renal function and can lead to weight loss, lower blood

pressure, but does not increase the risk of hypoglycemia. Further cardiac and renal benefits

are currently investigated. SGLT2 inhibitors need to be paused during infections an increase

the risk of fungal infections and diabetic ketoacidosis.22

Dipeptidyl-peptidase-4 inhibitors (DPP4 inhibitor) and glucagon-like peptide 1 receptor

agonists (GLP-1 RA)
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Glucagon-like peptide 1 (GLP-1) is an incretin, a gut-derived hormone, which stimulates

insulin secretion, inhibits glucagon secretion and reduces appetite leading to weight loss and

protracted emptying of the stomach.36,37 It is inactivated by dipeptidyl-peptidase-4.

Dipeptidyl-peptidase-4 inhibitors prevent the degradation of GLP-1, thus raising the level of

GLP-1.

DPP4 inhibitors are taken orally, while GLP-1 RA are injected subcutaneously. Neither

DPP4 inhibitors nor GLP-1 receptor agonists cause hypoglycemia, but can lead to

gastrointestinal side effects such as nausea or diarrhea.1

If blood sugar is still insufficiently controlled by OADs and GLP1 RA do not show a

sufficient HbA1c reduction, insulin can be used to achieve the target blood glucose

concentrations.

Insulin

History, production and function of insulin

History

100 years ago in January 1922, insulin became available as a treatment option and changed

the lives of millions of people forever.3 While many people contributed to the discovery of

insulin, it was isolated and purified in Toronto in 1921 by Frederick Grant Banting, Charles

Herbert Best, John James Rickard McLeod and James Bertram Collip. For their

contributions, Banting and McLeod received the Nobel Prize in Physiology/Medicine in

1923 and shared half of their money with Best and Collip. They name of the hormone reflects

the origin of its production in the islets (Latin “insula”) of Langerhans in the pancreas.

The amino acid sequence of the two-chain polypeptide hormone was established 28 years

later by Fred Sanger, earning him his first Nobel Prize in Chemistry in 1949. In 1959, insulin

levels in the blood were measurable for the first time using a radioimmunoassay procedure

developed by Yalow and Berson. While Berson died in 1972, Yalow was awarded the Nobel

Prize in Physiology/Medicine in 1977.33 Insulin was the first human protein that was fully
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chemically synthesized in 1963. Production of human insulin using a recombinant DNA

technology was first developed using Escherichia coli in 1979.3

Endogenous insulin production

Endogenous insulin is produced by the beta cells in the Langerhans islets in the pancreas. It

lowers the amount of blood sugar by allowing glucose to enter tissue cells, e.g. muscle and

fat cells. Insulin secretion is mainly stimulated by glucose and carbohydrates and to a lesser

degree by free fatty acids and amino acids. Hormones like GLP-1, GIP as well as

sympathetic and cholinergic influences play an important role in the regulation of the insulin

levels.33 It also influences amino acid metabolism, glycogen production, fatty acid synthesis

and mobilization in adipose tissue as well as promoting division and growth of cells.11

Insulin consists of 51 amino acids and is formed by an A chain and a B chain connected by

disulfide bonds.3 Endogenous insulin secretion can be measured by using connecting peptide

(C-peptide) as a surrogate parameter even in insulin-treated patients.38 C-peptide is the 31-

amino acid sequence originally connecting the A and B chains, which has to be

enzymatically cleaved from the precursor proinsulin to become active insulin. Therefore, C-

peptide is secreted in equimolar amounts to the endogenous insulin.10 C-peptide has a longer

half-life (over 30 min) than insulin (3-5 min) and can be measured in blood or urine samples

to assess beta cell function or diagnose insulin producing tumors known as insulinoma.38,39

Insulin Function

Insulin levels respond to feeding and fasting and represent the switch between an anabolic

to a catabolic state of the body. Rapidly rising insulin levels lower postprandial blood

glucose peaks, suppress hepatic gluconeogenesis and promote the storage of body fat. In

times of scarcity, low insulin levels facilitate the release of energy stored as fat and glucose

production in the liver preventing low blood glucose (hypoglycemia), which would pose a

risk to the brain requiring a constant glucose supply.33 Glucose can be generated with

glycogenic amino acids and triglyceride lysis resulting in glycerol.40 To guard against

periods of starvation, accumulation of fat by hyperinsulinemia is an essential evolutionary

adaptation.41
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Between 1921 and 1922, Banting and Macleod managed to extract insulin and successfully

used it for the first time in critically ill children. Despite sufficient calories, children with an

absolute insulin deficiency are not able to use the rising blood glucose levels as energy or

store it as fat and the resulting ketoacidosis leads to coma and death. In January 1923, an

emaciated, insulin deficient child was restored to an ordinary physique with daily insulin

injections for the first time.33 Blood sugar dropped by 75% after the first injection and

glycosuria and ketonuria improved dramatically.42

The researchers sold the patent for insulin to the University of Toronto for one Canadian

dollar with Banting declaring insulin does not belong to him, it belongs to the world. Eli

Lilly and Company started manufacturing Insulin followed by the Nordisk Insulin

Laboratorium. Originally made using beef and pork extracts, a major milestone was achieved

with human insulin becoming the first recombinant protein therapeutic with further

developments for insulin analogues. Today, insulin can be administered as an injection with

syringes, with a pen or with an insulin pump. In 2015, the global market for insulin was

estimated at 27 billion dollars and an expected growth of 8% every year. 33

Longer acting insulin and insulin analogues

In 1936, Hagedorn and Jensen managed to combine protamine with insulin and to create an

insulin which delays release of insulin monomers. In 1946, neutral protamine Hagedorn

(NPH) insulin was introduced with an action of 4-12 hours. Constant reformulations and

improvements extended the action time to 20-30 hours and beyond, leading up to research

into insulin which can be applied only once a week.3 Long acting insulin is used as “basal

insulin”, covering the bodies’ basal insulin requirements as opposed to “bolus insulin” which

is used for mealtimes. Basal insulin can be used once or twice a day. Concentrated

formulations have reduced the volume which needs to be injected with higher doses. If blood

glucose levels cannot be adequately controlled with basal insulin, an intensified therapy

using rapid acting insulin becomes necessary.22

Rapid acting insulin and insulin analogues

The first human synthetic insulin analogue known as insulin lispro switched the position of

proline and lysine (position 28 and 29 in the B-chain) and provided faster absorption. Faster

15



acting insulins provide more flexibility regarding the injection time before meals.3 The

amount of carbohydrates consumed at the meal needs to be taken into consideration to

calculate the amount of “bolus insulin” needed. Similar to basal insulin, if too much basal

insulin is injected, blood sugar will drop below recommended thresholds and may lead to

potentially dangerous hypoglycemia.

Premixed insulins

Premixed ratios of insulin subtypes are available to keep the number of injection low for

elderly patients, but provide less flexibility and carry a higher risk of hypoglycemia

compared to a basal insulin monotherapy.3

Combination products of insulin and GLP1 agonists, trying to minimize the weight gain due

to insulin treatment in T2DM are also available.3

The efficacy of insulin treatment depends on correct titration and appropriate use. Proper

training, administration and timing are essential.22 Side effects and contraindications for

insulin include hypoglycemia, lipodystrophy of body fat at injection sites and IR.1 Insulin

therapy can lead to weight gain due to iatrogenic hyperinsulinemia and needs to be carefully

selected and adjusted to minimize adverse effects.43,44 IR in people with T2DM and insulin

therapy is associated with increased risk of mortality, major adverse cardiovascular events

and diabetic kidney disease.45

Insulin resistance

In the consensus conference of the American Diabetes Association on IR in 1997, IR has

been described as a defect in insulin sensitivity of tissues in people with diabetes mellitus.

IR is the impairment of the cells’ ability to react to endogenous or exogenous insulin. The

effects can transcend to other biological actions of insulin such as lipid metabolism, effects

on the vascular system and specific gene expression.24

IR syndrome is a constellation of observations and lab parameters including a compromised

glucose tolerance, central obesity, lipid metabolism disorders and elevated blood pressure.

IR is the main feature of IR syndrome but can also typically occur without the syndrome for
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example in polycystic ovary syndrome (PCOS) or during pregnancy and systemic

glucocorticoid therapy. IR, independent of other parameters like waist circumference or

weight can be used as a predictor for T2DM. IR improves with a hypocaloric diet, even

before weight loss can be measured. Weight loss further helps to restore insulin sensitivity.24

Lower insulin sensitivity is associated with various health problems such as obesity and can

be used as a predictor of cognitive decline in people with prediabetes independent of elevated

glucose levels.46

IR can arise due to various factors. Some appear to be inherited, while others are acquired

due to an individual’s lifestyle. Defects in the receptors, signaling pathways and reduced

receptor density are among many reasons that have been identified.33     While the

hyperinsulinemic euglycemic glucose clamp is the most accurate measurement of IR,

surrogate markers are necessary to simplify the detection of IR.47 Ralph DeFronzo, a pioneer

in establishing the concept of IR, developed the glucose and insulin clamp techniques in

1979. He invented the hyperglycemic clamp method to assess beta-cell sensitivity as well as

the euglycemic insulin clamp to measure tissue sensitivity to insulin. In the hyperglycemic

clamp the plasma glucose concentration is elevated to 125 mg/dl and kept constant with

variable glucose infusions allowing for the measurement of the subsequent plasma insulin

levels. In the euglycemic clamp the plasma insulin levels are maintained at 100 muU/ml

using insulin infusions and the glucose infusion rate necessary to stabilize the blood glucose

levels provides a measure of the tissue sensitivity to the insulin injected. 48,49

Judith Rodin, a psychologist and student of Ralph DeFronzo postulated a sequence of

hyperphagia, hyperinsulinemia and IR in 1985.11 IR necessitates higher amounts of insulin

which further worsens IR leading to a vicious cycle. One of the key strategies should

therefore be the focus on minimizing the hyperalimentation.1

Hyperinsulinemia and IR have a dynamic relationship, but despite a clear association, the

question of causality remains unclear. Hyperglycemia is the consequence when the beta cells

cannot compensate blood glucose levels with adequate amounts of insulin anymore. IR as

well as hyperinsulinemia are seen in the development of T2DM earlier than hyperglycemia.

However, which one would be considered the chicken and which the egg regarding

hyperinsulinemia and IR? If hyperinsulinemia is the consequence of IR, an increase of

plasma insulin concentration is necessary to achieve lower blood glucose levels, even if it
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leads to adverse metabolic effects. If hyperinsulinemia is the origin and not the consequence

of IR, the therapies will need to focus on reducing plasma insulin concentration.50

New non-pharmacological approaches in the treatment of T2DM

Endobarrier™

The Endobarrier™ is an impermeable duodenal-jejunal bypass liner developed by GI

Dynamics (Lexington, MA, USA).51 It is 60 cm long and made of a fluoropolymer material

which prevents food from coming into contact with jejunal mucosa. The Endobarrier™ is

kept in place by an nitinol anchor in the duodenal bulb. It can be inserted and removed via

endoscopy and delays digestion and resorption.52 A reduction of BMI and improved glucose

parameters were observed after implantation.53–55

Intermittent Fasting

Intermittent fasting (IF) is not considered an eating pattern but rather a modification of the

eating periods. The focus lies on the time of food consumption rather than macronutrients.

Many people stop diets due to the increased effort to monitor their caloric intake.56,57 Popular

forms of intermittent fasting cover restricting food for certain hours of the day or alternate

day fasting, dividing the week into eating and fasting days.12

Intermittent fasting might be a new dietary approach for people with T2DM. However, blood

glucose levels have to be monitored closely especially with medication that could induce

hypoglycemia such as sulfonylurea and insulin. Blood sugar levels below 70 mg/dL should

be avoided and blood glucose levels of 180 mg/dL and beyond need to be checked for

adherence to fasting and medication changes.58,59 Medication management in people with

T2DM should be overseen by a dedicated specialist with a focus on endocrinology and

diabetology.59,60 Until 2010, four studies were conducted on IF in human participants.61–64

Case reports of IF as alternative to insulin were published in 201865, with intermittent fasting

later described as a user-friendly option of treatment for T2DM.66 Reviews and meta-

analyses showed IF to be associated with more weight loss compared to a standard diet, but
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further studies were required to demonstrate the safety and efficacy of IF in T2DM and to

explore the possible physiological processes leading to the observed results.67–69

A clinically significant weight loss of over 5%70 can be achieved with IF, providing an easier

option for people struggling with classic caloric restriction.71–76 Intermittent fasting can be

performed as alternate day fasting (ADF), dieting for 2 days a week or as time restricted

eating (TRE).71,77–79 Fasting days in ADF can be either zero calories80,81 or limited to 25%

or roughly 500 kcal.61,82–84 The meals can be spread out during the day or contained to

specific hours.82,85 While people choose the time of eating freely, some choose dinner due

to the social aspect of eating together.86 The 5:2 diet is a modification of IF allowing for

eating on 5 days during the week and fasting on 2.87–89 When food intake is not restricted by

the day, but rather by usually 4 to 8 hours during the day, it is called TRE.90–94

Results of ADF81,83,95–97 and 5:298,99 showed 4-8 % of weight loss in obese people over 8-12

weeks. For longer periods of time between 24 and 52 weeks, ADF84 as well as 5:287–89,100

showed the most weight loss at 12 weeks which could indicate an efficacy apex. TRE in

comparison showed less weight loss (< 5%) in 12 weeks.90,93,101 Neither sex nor menopause

affected the weight reduction.102 People in a normal BMI range lost on average 0.2 kg every

week with intermittent fasting.96 Intermittent fasting can also be used in people with IR.103

Meta-analyses comparing IF and continuous caloric restriction were performed showing

similar effects on weight and metabolic improvements.104–106

In weight loss induced by caloric restriction, the majority of the weight is lost via fat mass,

while one fourth is a loss of lean body mass.107–110 No difference in loss of lean mass was

observed when combined with ADF.111 In TRE, resistance training helped with muscle mass

maintenance.90,112 Trials have shown no changes in fiber84,85,87,90,113 or beverage90,114

consumption. The effects on blood pressure are not clear yet with some studies showing a

reduction in blood pressure115 and others showing no difference.116 Sympathetic nerve

activity as well as noradrenalin levels and natriuresis have been discussed as possible

mechanisms.117,118 It is surprising to find HDL levels unchanged in IF58,81,100 which are

typically lower during weight loss.119 HDL can, however, be raised with endurance

training.120,121 Fasting beyond 18 hours lead to higher levels of triglycerides and free fatty

acids due to lipolysis.122–124

While much on the information on IF comes from Ramadan fasting, it can only partially be

compared with other forms of IF due to Ramadan shifting the time of eating to the night
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while IF performed as ADF, 5:2 or TRE. The latter usually have eating periods during the

day. Meal timing might play a critical role in the outcomes of IF.125 In their pioneering

research on intermittent fasting, Varady et al. showed that energy intake was reduced in

obese people by an average of 300 to 600 kcal per day even without calorie counting.90,101

One study showed a reduction in calories consumed on eating days during 5:2.126 While time

restricted eating has shown no benefit over simple calorie restriction regarding weight loss

in people with obesity, IF might be a new approach for people with diabetes.127

Until 2022, only one trial investigated intermittent fasting in T2DM.58 While fasting glucose

remains stable in people without diabetes128, the level of fasting insulin was shown to be

reduced with IF.58,84,87,90,95,99,115 The effect was stronger in people with elevated fasting

insulin levels.58,84,90,95 An improvement of IR was shown in some studies87,90,95,115 but an

improvement in HbA1c was not seen in people without elevated HbA1c levels as seen in

T1DM or T2DM.84,90,93,111,116

Oxidative stress and inflammation are key aspects of T2DM.129–134 IF was shown to reduce

oxidative stress.61,87,90,115 This could be a factor in improvement in IR while fasting.135,136

Antioxidants can be used to improve insulin sensitivity in overweight people, which could

be one of the reasons why IR can be improved when oxidative stress is reduced.137,138 While

side effects like constipation, fatigue, diarrhea and headaches are seen in intermittent

fasting139,140, they can be mitigated with sufficient hydration.141,142 While many people are

worried, IF could lead to the development of eating disorders, one study on ADF and one in

TRE showed that IF did not lead to binging or purging.139,140 People with eating disorders

were not enrolled in trials on IF yet. Thyroid hormone levels were not changed in people

with143 or without112 mild hypothyroidism.

While reduced resting metabolic rate (RMR) is a common concern in weight loss achieved

with caloric restriction144 IF had no or minor effects on the RMR in weight

maintenance62,92,112 and small decreases of around 150 kcal in weight loss of 5-7% of body

weight.84,100

Obese adolescents are a special target group for IF145–147 While some researchers see

adolescence as a vulnerable time for eating disorders148–150, others argue medically guided

and supportive weight loss would not lead to eating disorders in obese adolescents.151

Therefore, further research in this special group is necessary.
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IF can be integrated into daily life.71,78,81,93,111,152–154 Sufficient protein should be consumed

during IF155–157 to counteract muscle mass loss.158,159 While noncaloric drinks can be

consumed during fasting times, excessive amounts of diet soda can lead to sugar cravings.160

Combined with IF, a change in eating behavior should be supported in people trying to lose

weight, helping them to track their nutrients, increasing physical activity and monitoring

weight changes.161–163 Mobile apps could have the potential to support behavioral changes.164

Intermittent fasting is not recommended for children, pregnant or lactating women, young

people in a healthy weight range, people with eating disorders, underweight individuals or

cachectic elderly people. It is recommended for severely obese adolescents, normal or

overweight adults, people suffering from hypertension and/or lipid disorders, insulin

resistant people and people with prediabetes, T1DM and T2DM using medical

supervision.165 A systematic review in March 2022 concluded, IF could be used as an

auxiliary treatment in MetS to improve glucose and lipid parameters as well as significantly

reducing IR.166

While more frequent smaller meals are often recommended in early-stage T2DM167 more

recent data has shown a positive effect of fewer meals in people with insulin-treated T2DM.

Jakubowicz et al. argued that fewer meals during the day could upregulate clock gene

expression.133 A comment was published on the trial, noting an alternative explanation for

the outcome of the study, claiming the protocol to be similar to intermittent fasting with 18

hours and 30 minutes of fasting after a carbohydrate reduced dinner.168 The corresponding

author Oren Froy agreed with the observation but argued the increased breakfast and reduced

amount of carbohydrates for dinner provided during the trial might be the main driving factor

resulting in the positive effect on the HbA1c-levels.169–172

In a review article on the clinical application of intermittent fasting in Nature Reviews

Endocrinology in February 2022, Varady et al. highlighted the importance of studies on

intermittent fasting in people with diabetes mellitus.165
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2 Aims and Hypothesis

The three publications selected for this cumulative dissertation were chosen to accurately

illustrate the evolution of ideas during the course of the PhD and the steps leading to a

successful randomized controlled trial and the corresponding publication of the results.

With the numbers of people with diabetes mellitus increasing every year the need of easily

accessible and inexpensive treatment options is growing.4 New pharmacological therapies

have vastly improved the options of blood glucose management for people with T2DM, but

new approaches to lifestyle management are also needed.22

The publication “EndoBarrier™ implantation rapidly improves insulin sensitivity in obese

individuals with type 2 diabetes mellitus” lay the groundwork for the “Interfast 2” study,

providing important information on non-pharmacological treatment in patients with obesity

and T2DM.51 At the same time, the publication of the first “Interfast study” in healthy, non-

obese and non-diabetic participants using alternate day fasting showed a reduction of weight

and an improved fat-to-lean ratio suggesting intermittent fasting could become a clinically

relevant intervention for people trying to lose body weight and improve blood glucose

management. This publication paved the way to the development of the “Interfast 2 study”

protocol.80

In an earlier publication, we were able to provide evidence of prolonged being safe in people

with T1DM treated with insulin therapy and participants with T2DM without insulin therapy,

however we investigated only one prolonged fasting session.173,174

The published study protocol “Interfast 2” was shaped by data and insights generated in the

“Endobarrier” study and submitted to the Austrian Science Fund (FWF). After revisions and

a preliminary data collection, it was approved for funding and published online in Diabetic

Medicine in February 2022. The printed version appeared in volume 39 issue 6 in June 2022.

Finally, the publication of the results of the “Interfast 2” trial presents the culmination of the

information gathered during the PhD studies and the work on the trial and provided many

new interesting research questions.
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Endobarrier:

Justification of the research question:

The primary aim of the study was to explore short and long-term effects of the

EndoBarrierTM implantation on the glucose metabolism of obese participants with

T2DM.175

Hypothesis:

The EndoBarrierTM modulates the glucose metabolism in obese people with T2DM and

could induce weight loss and improve metabolic parameters.

Interfast-2:

Justification of the research question:

The aim of the project was to investigate the impact of 12-weeks of intermittent fasting

(IF) compared to usual care on metabolic parameters and physiologic mechanisms in a

group of participants with insulin-treated type 2 diabetes mellitus T2DM.82

Hypothesis:

Intermittent fasting could improve glycemic control and reduce HbA1c, weight and insulin

dose in people with insulin-treated type 2 diabetes.

Novelty value and limitations of the research topic

While less invasive alternatives to bariatric surgery and intermittent fasting have risen in

popularity, further research is necessary to assess safety and efficacy in people with T2DM.

Insights generated in studies with participants with T2DM might help in shaping future

studies, dietary recommendations and adjuvant therapy options.
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3 Results and Data

This section recapitulates the results as published in the following articles:

- Obermayer, A., Tripolt, N. J., Aziz, F., Högenauer, C., Aberer, F., Schreiber, F., Eherer,

A., Sourij, C., Stadlbauer, V., Svehlikova, E., Brunner, M., Goswami, N., Kojzar, H.,

Pferschy, P. N., Pieber, T. R., & Sourij, H. (2021). EndoBarrier™ Implantation Rapidly

Improves Insulin Sensitivity in Obese Individuals with Type 2 Diabetes Mellitus.

Biomolecules, 11(4), 574. https://doi.org/10.3390/biom11040574

- Obermayer, A., Tripolt, N. J., Pferschy, P. N., Kojzar, H., Jacan, A., Schauer, M., Aziz,

F., Oulhaj, A., Aberer, F., Sourij, C., Obermayer-Pietsch, B., Stadlbauer, V., & Sourij, H.

(2022). INTERmittent FASTing in people with insulin-treated type 2 diabetes mellitus -

the INTERFAST-2 study protocol. Diabetic Medicine: a journal of the British Diabetic

Association, e14813. Advance online publication. https://doi.org/10.1111/dme.14813

- Obermayer, A., Tripolt, N. J., Pferschy, P. N., Kojzar, H., Aziz, F., Müller, A., Schauer,

M., Oulhaj, A., Aberer, F., Sourij, C., Habisch, H., Madl, T., Pieber, T., Obermayer-

Pietsch, B., Stadlbauer, V., & Sourij, H. (2022). Efficacy and Safety of Intermittent Fasting

in People With Insulin-Treated Type 2 Diabetes (INTERFAST-2)-A Randomized

Controlled Trial. Diabetes care, dc221622. Advance online publication.

https://doi.org/10.2337/dc22-1622
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Results of EndoBarrier™ Implantation Rapidly Improves Insulin Sensitivity in Obese

Individuals with Type 2 Diabetes Mellitus

The study protocol was published in Diabetes Therapy.175 Participants had a mean age of 48

± 9 years, a diabetes duration of 7 ± 6 years and an average body weight of 121.2 ± 18.5 kg.

Body weight was significantly reduced already 4 weeks after insertion to 116.3 ± 18.2 kg,

remained lower for the entire 36 weeks until removal (115.1 ± 21.4 kg) and the positive

effects on weight and glucose metabolism remained even 24 weeks following the

explantation of the device with an average weight of 117.2 ± 20.8 kg at the end of the study.

The mean glucose infusion rate during Botnia clamps was used to assess insulin sensitivity

showing a significant improvement 4 weeks after insertion, during the 36 weeks the

Endobarrier™ was used and showed significantly higher insulin sensitivity even 24 weeks

after the explantation. The Food Frequency questionnaire that was used showed a significant

reduction in calories consumed after the insertion of the device. Four serious adverse events

were recorded due to a case of dehydration, a participant developing a duodenal ulcer, a case

of nausea and vomiting leading to intravenous fluid replacement and a case of hemorrhoid

bleeding. We noted gastrointestinal side effects in 40 % of the participants similar to other

trials using the Endobarrier™.176

All participants finished the study without premature removal of the device.51 While the

Endobarrier™ was shown to be more effective than simple calorie restriction the change in

body weight was smaller compared to surgical interventions which can lead to a body weight

reduction of over 30%.177,178 It could be used as a preparation for bariatric surgery in high

risk patient with obesity and T2DM.179
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Results of INTERmittent FASTing in people with insulin-treated type 2 diabetes mellitus – 

the INTERFAST2 study protocol

With intermittent fasting becoming a popular alternative to classic calorie restriction the

Interfast 2 Study protocol for intermittent fasting in insulin treated type 2 diabetes mellitus

was developed. The main aim of the study was to determine the effect of 12 weeks of

intermittent fasting compared to usual diet and care. It was designed as an open, single-

centre study randomizing participants to either a fasting group or a control group.

Participants with T2DM, an HbA1c of ≥ 53 mmol/mol (≥7.0%) and at least 0.3 IU/kg body

weight were included. A continuous glucose monitoring system (CGM), dietary counselling

as well as measurements of the resting metabolic rate, body composition using dual-energy

X-ray absorptiometry (DXA), oGTT were provided and blood and stool samples were

collected.180,181 The primary endpoint was defined as the difference in the change in HbA1c

from baseline to 12 weeks between the two groups. A co-primary endpoint consisting of the

difference in the number of participants achieving a combined end point encompassing a

body weight reduction of at least 2%, an insulin dose reduction of at least 10% and an

absolute HbA1c reduction of at least 3 mmol/mol (0.3%) between the two groups was

selected to depict metabolic changes.182–184 A hierarchical order was chosen to perform the

calculations according to the European Medical Agency guidelines.185 Intermittent fasting

has been shown to reduce body weight and lower triglyceride levels and low density

lipoprotein (LDL) cholesterol. It can lower blood pressure and improve IR.61,111,186,187

Similar to caloric restriction it reduces fat mass and fasting insulin levels.60 Fasting and

feeding affect the circadian rhythm and high blood glucose levels are associated with poor

sleep.188–190 Questionnaires were added to asses sleep and sleepiness, physical activity,

quality of life and self-regulatory behaviour.191–195 T2DM lowers the diversity of the gut

microbiome and affects the metabolism and fat storage.196–201 Further research on

intermittent fasting and the effects on sleep and microbiome in people with insulin treated

T2DM is required.165,202,203 A insulin-reduction-protocol was developed to minimize the risk

of hypoglycemia during fasting.204,205 Intermittent fasting has the potential to reduce waist

circumference associated with IR.206 All participants wore a CGM for the duration of the

study to minimize the risk of hypoglycemia on fasting and eating days.207 The protocol was

published in Diabetic Medicine.82
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Results of Intermittent fasting in people with insulin treated T2DM (INTERFAST-2) - a

randomized controlled trial

From October 2019 to October 2021, 46 participants were recruited and randomized. 22

women and 24 men with a mean age of 63 ± 7, a mean diabetes duration of 21 ± 9 years and

a mean HbA1c of 67 ± 11 mmol/mol (8,3%). The average BMI was 34.3 ± 4.5 kg/m2 with

an average total daily insulin dose of 56 ± 27 international units. 22 people were allocated

to the fasting group and 24 people to the control group. One screening failure due to HbA1c

occurred and the patient was rescreened. Two participants were not able to complete the trial

due to the start of an oral glucocorticoid therapy and moving out of the country. The

Baselinecharacteristics were matched in terms of anthropometric, glucose parameters and

total daily insulin dose (TDID). The fasting group was significantly older and had a longer

duration of diabetes than the control group. The primary endpoint a significant difference in

the change of HbA1c between baseline and 12 weeks between the two groups was recorded

(p=0.012). HbA1c was on average lowered by -7.25 ± 12 mmol/mol and remained similar

in the control group with an increase of 0.08 ± 6 mmol/mol. All three aspects of the co-

primary endpoint were achieved by 8 participants in the fasting group and none in the control

group. 60 % of participants in the fasting group and 25 % in the control group achieved a

reduction in HbA1c by 3 mmol/mol or more. 80% in the fasting group and 4.16 % in the

control group achieved a reduction of weight of 2 % or more. 75 % in the fasting group and

0 % in the control group achieved a reduction of insulin dose by 10% or more. During the

study period no cases of severe hypoglycemia necessitating external help were recorded. The

body weight, body fat mass and fat mass to lean mass ratio was significantly reduced in the

fasting group compared to the control group. Muscle mass and bone mass did not

significantly change over 12 weeks between the groups. Android and gynoid fat mass was

also significantly reduced. The resting metabolic rate and the physical activity showed no

difference between the groups and remained constant comparing the measurements at

baseline and after 12 weeks. Insulin dose was significantly reduced in the fasting group but

increased in the control group. Two significant adverse events occurred in the fasting group

and three in the control group. Intermittent fasting was show to be feasible and safe in people

with insulin treated T2DM using CGM to prevent hypoglycemia and led to lower HbA1c,

lower weight and lower TDID.208

27



4 Discussion

Endobarrier

The pilot trial using the duodenal-jejunal bypass liner Endobarrier™was able to demonstrate

a significant decrease in body fat mass using body composition measurements by DXA-

scans in obese patients with T2DM as well as a rapid improvement of insulin sensitivity

assessed by Botnia clamps within 4 weeks of implantation.51 The HbA1c showed no

statistically significant reduction, possibly due to the changes in medication necessary to

prevent hypoglycemia. Improvements in glucose parameters with the bypass liner have been

shown in a number of trials 209–211.

However, Miras et al. argued the rapid changes during the first few weeks of the treatment

could be due to changes in the eating habits of the patients rather than the device itself.212

During the first two weeks after the implantation participants were instructed to first

consume liquids and soft foods to prevent any solid food getting from obstructing the

Endobarrier™. We observed a significant reduction in the calories consumed, assessed with

a food frequency questionnaire over the course of the study until explantation. Of note, a

lactulose/mannitol test performed at baseline, after 4 weeks and 9 months showed no change

in gut permeability due to the implantation of the Endobarrier™.

While the Endobarrier™ was originally designed for a 12 months use up to 24 months, this

pilot trial reduced the treatment period to 9 months to minimize the risk of hepatic abscess,

which is supported by Betzel et al. arguing the largest benefit could be achieved after 9-12

months.213 We found a partial increase in body weight and HbA1c 6 months after

explantation of the bypass liner similar to the data of Deutsch et al.211.

However, the improvement in insulin sensitivity compared to baseline remained even 6

months after explantation. The reimplantation of the Endobarrier™ for a second time is

technically possible.214 A 4 year follow-up recorded no further weight loss after the initial

removal of the device but recommended larger controlled studies to be conducted.215

The Endobarrier™ induces a delayed absorption of nutrients, which leads to weight loss, but

could also result in potential deficiencies of ferritin and vitamin B12.216 While the bypass

liner was shown to be more effective than calorie restriction alone177, bariatric surgery has

28



shown a much more pronounced overall body weight reduction of more than 30%178.

Therefore, the minimally invasive endoscopic placement of the Endobarrier™ provides an

option for patients with T2DM who might be opposed to bariatric surgery or it could be used

as a pre-surgery treatment for high risk patients.210

A removal of the device through endoscopy is less invasive compared to surgery, but the

risk of serious adverse events remains due to the metal anchor and potential occlusion of the

device.217 While no cases of hepatic abscesses were recorded in our study and no device had

to be removed before the planned explantation, around 40% of participants experienced

gastrointestinal side effects with similar numbers recorded in other studies.176

In summary, the Endobarrier™ is a reversible and minimally invasive intervention to help

patients reduce body weight and increase insulin sensitivity and can be seen as an

intermediate step between nutritional, pharmacological and surgical therapies in people with

obesity and T2DM.

Intermittent fasting in type 2 diabetes mellitus

In the Interfast 2 trial, three non-consecutive days of IF showed a reduction in HbA1c, body

weight and total daily insulin dose compared to a control group in people with insulin treated

T2DM. Out results are in line with data by Carter et al.89, who showed a HbA1c reduction

due to IF and the study was used to calculate the sample size needed for the Interfast-2 study.

Data on intermittent fasting and insulin therapy was still scarce in 2018 when the protocol

was developed. While Li et al. showed a one-week fasting program consisting of only 300

kcal of food a day in people with T2DM, patients with additional insulin therapy were

excluded from the trial. The focus of the Interfast-2 trial was decided specifically on people

with insulin treated T2DM and a total daily insulin dose of ≥0.3 IU of insulin per kilogram

of body weight.

Meta-analyses confirmed, IF can have a similar HbA1c reduction in T2DM comparison with

classic continuous calorie restriction, but weight loss might favor the IF approach in this

specific patient cohort.67,68 Participants of the Interfast-2 study often noted they found

intermittent fasting to be easier to follow compared to other diet modifications. IF could even
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provide benefits beyond weight loss including ketone production, beta oxidation and

autophagy.218

IF has shown to reduce the calorie intake even when ad libidum eating was available.90,101

Participants of the Interfast-2 study often described less hunger after a fasting day making

them less likely to eat back calories omitted on the fasting days. The risk of hypoglycemia

was managed by using a CGM device as seen in Ramadan studies. Classic Islamic Ramadan

fasting is limited to the hours of sun during the day allowing unlimited food and drink intake

during the night. Liquids are normally not allowed during the fasting times in Ramadan

which is a stark contrast to the Interfast-2 study where drinking of non-caloric and sugar free

liquids such as tea and coffee without sugar or milk and water was encouraged during fasting

times. While Ramadan could be considered an TRF eating pattern the switch from eating

during the day to the night shows a significant difference to standard intermittent fasting.207

Regardless of the time of food consumption the education of patients with T2DM and insulin

therapy concerning hypoglycemia symptoms and responses is of paramount importance for

the safety of patients using insulin therapy.

The Endobarrier™ study revealed a clear necessity to meticulously document the insulin

dose due to the direct effects of insulin on the HbA1c. The interrelationship of HbA1c,

insulin dose and body weight makes the interpretation of study results challenging. Hence,

we introduced a co-primary endpoint in Interfast-2 depicting all three aspects at the same

time. Furthermore, documentation of meals and the use of the CGM device required a high

amount of adherence from the participants. CGM was not blinded for neither the fasting

group nor control group. Therefore, participants were able to observe the effects of their diet

on their blood glucose levels which could have affected the study results.

While alternate day fasting can be performed with zero calories on fasting days, we allowed

participants of the fasting group to consume up to 25% of their caloric intake as breakfast

and/or lunch to reduce the risk of hypoglycemia and to increase adherence. This provided

not only an intervention similar to ADF and 5:2 fasting but by limiting the food to two meals

or less during the day participants achieved the mandated 18 hours of fasting. With the data

we have collected we now would feel comfortable omitting the 25% of calories on the fasting

days and explore ADF in people with T2DM but participants did not receive financial

compensation for the fasting, therefore adherence was already strained. Participants were
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motivated to join the study to lose weight, improve HbA1c levels and try intermittent fasting

for the first time with clinical supervision.

The study was conducted between 2019 and 2022 during the Covid-19 pandemic. T2DM

was identified as risk factor for severe covid-19 infections and impeded recruitment for the

study.219 Exceptional care was taken to minimize the risk during patient visits. All in-person

interactions were conducted according to the hospitals rigorous safety measures. Patients

were advised to contact research staff in case of a possible covid-19 infection. None of the

46 patients in the study contracted a covid-19 infection during the 3 years of the conduction

of the study.

In summary, the Interfast-2 study demonstrated, three non-consecutive days of IF to be a

safe and feasible intervention for 12 weeks in people with insulin treated T2DM. It reduced

HbA1c, body weight and insulin dose while no changes in physical activity levels and resting

metabolic rate were recorded.

Biomarkers and future perspectives and research questions

The Endobarrier™ and Interfast-2 study provided many insights into the non-

pharmacological effects of delayed absorption and intermittent fasting on people with

T2DM. At the same time, they revealed further research questions on the use of laboratory

measurements as potential biomarkers such as insulin and leptin and the role of the

microbiome on glucose metabolism.

Insulin and insulin resistance

Hyperinsulinemia during fasting as measured by baseline c-peptide and during the oGTTs

was seen in both the fasting and control groups. A publication by Rodin et al. in 1985

suggested that hyperinsulinemia indifferently of blood glucose levels is associated with an

increase in hunger, enjoyment of sweeter taste and higher food intake. The elevated insulin

levels seen in obesity could create a feedback loop with hyperinsulinemia leading to

hyperphagia, which - unless compensated by burning of calories - would in turn lead to
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weight gain thus creating a vicious cycle of insulin and weight escalation. With insulin rising

in the anticipation of food, acute hyperinsulinemia can be triggered in people seeing,

smelling or simply thinking about food and could contribute to consumption and preference

for sweeter food resulting in possible weight gain.11

Anticipatory cephalic hormonal responses (including insulin and other hormones) were

described by Skvortsova et al. in 2021, inducing hunger by signaling via the vagus nerve and

allowing for the consumption of larger meals.220 Prof Martin Heni recipient of the 2022

Minkowski Price showed the brain to be an insulin-sensitive organ and provided evidence

of brain insulin resistance modulating weight, metabolism and food intake.221 Higher brain

insulin sensitivity is also associated with long term weight loss and changes in body fat

distribution.222,223 High brain insulin sensitivity could influence the effect of lifestyle

intervention.224,225

Rodin et al. hypothesized that postprandial serum insulin levels would be highest after 2 to

3 hours, making people hungry again.11 This hypothesis was reconfirmed in 2021 by Wyatt

et al. providing evidence that in healthy individuals the postprandial glycaemic dips 2-3

hours after eating can predict appetite and energy intake. The data revealed increased hunger

reported by the participants, less time until the next meal and a greater intake in energy over

24h following a larger dip in glucose levels.226 Furthermore, priming with glucose rich food

enhanced the intake of food even in a satiated state and was able to induce hunger regardless

of food consumptoon.227 Therefore in people experiencing IR the satiety might be better

preserved in low-carbohydrate diets compared to low-fat diets.228

The insulin response to glucose was shown to be stronger compared to fructose leading

Rodin et al. in 1985 to assume people eating glucose would get hungrier and eat more

compared to fructose. 24 hours after consuming a preload of fructose or glucose, participants

who had eaten glucose, consumed almost 500 kcal more, when presented with ad libidum

food compared to the fructose group. Although fructose and glucose have identical caloric

content, these findings suggest, the type of food we eat affects our hunger and the number

of calories we consume in the near future possibly due to the effects of insulin.

The conclusions stated, many factors including environment, behavior and biological factors

influence overeating. With some people producing more insulin due to genetic

predispositions or after overeating for a long time, the question remained, how people could
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stop eating considering food induced hyperinsulinemia. Rodin et al. assumed a satiety

hormone could counteract the eating stimulating effects of insulin but at the time of

publication of their research no such hormone was known.11 In 1994, nearly 10 years after

Rodin’s publication a satiety inducing hormone “leptin” was discovered.229

Leptin and leptin resistance

In 1994, leptin - a hormone secreted predominantly from adipocytes in white adipose tissue

- was discovered.230 In 1998, the administration of leptin as a pharmacological treatment was

used to help the first obese child with leptin-deficiency reach normal weight. Whereas

children with T1DM “starve” even with sufficient calorie intake due to the lack of insulin

and subsequently develop cachexia, children born with primary leptin deficiency experience

weight gain and uncontrolled “starvation”-like hunger despite their obesity. Leptin

application is used in patients with leptin deficiency and lipodystrophy.33

Leptin rises slowly with increasing fat mass. Leptin levels could serve as a non-stigmatizing

biomarker for body composition. Obese patients with high leptin levels become insensitive

to the appetite suppressing effects of leptin.229 During fasting, leptin levels drop and signal

the need to replenish sustenance to the brain through leptin-sensitive neurons. With the

restoration of energy intake, leptin levels rise again. Leptin is serving as a “lipostatic” signal.

However, endogenous hyperleptinemia is associated with the loss of ability to suppress

appetite.33,231

Of note, IF could be used as a non-pharmacological treatment for obesity modulating both

hypothalamic leptin and insulin signalling.232,233 While leptin levels decrease with weight

loss, fasting can change serum leptin levels in the first 24 hours prior to any significant

changes in body fat mass. A reduction in serum levels of leptin have been reported to be

preventable by supplementing glucose, thus suggesting an influence of serum glucose and

serum insulin on serum leptin.231

When serum insulin levels are kept stable, leptin levels also remain unchanged.234 While

leptin levels reflect body fat, a disproportionate reduction in leptin levels during fasting has

been observed. Even after 72 hours of fasting, leptin levels will return to baseline levels
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withing 12 hours, as soon as food is consumed.235 Leptin follows a circadian rhythm and

rises during the night minimizing the desire for food consumption while sleeping. These

fluctuations resemble the daily patterns of other hormones such as prolactin or thyroid-

stimulating hormone.236

Insulin stimulates leptin secretion through the adipo-insular axis.230,237 Higher leptin levels

are associated with larger intra-abdominal fat accumulation whereas higher levels of

adiponectin were associated with a lower amount of intra-abdominal fat.238 A reduction in

plasma leptin can improve leptin resistance.239 Leptin levels are also associated with

hypertension, independent of BMI.240 Serum leptin concentrations can be reduced with

fasting whereas adiponectin levels appear to be independent on dietary restrictions when

ADF was performed.241

The adipo-insular axis might represent an evolutionary adaptation to survive times of food

scarcity. Grizzly bears (Ursus arctos horribilis) have an especially fascinating metabolism

concerning insulin, fat mass and leptin. Despite enormous fluctuations of more than 50% of

body mass and rapid fat accumulation, bears do not experience the harmful effects of obesity

seen in humans. While bears are insulin resistant in winter, insulin sensitivity rises again

after hibernation. The increase in body weight is precedented by an almost insatiable

appetite, which can be dampened by leptin-treatment in the bears showing low leptin levels

in spring. IR during hibernation might be necessary to diminish the anti-lipolytic effects of

insulin, which prevents the clearance of blood glucose mediated by insulin and ensures

euglycemia during hibernation.41 Another important factor affecting hibernation and fasting

are changes in the gut microbiome, with an important interaction to the nitrogen

metabolism.242,243

Microbiome

The microbiota in the gut of bears differs in summer and winter. The diet of a brown bear

changes with the seasons and during the 4-6 months of hibernation. During summer, the

microbiota promotes fat accumulation, while the winter microbiota is more homogenous.

Changes in the bear microbiota have been shown to be associated with the caloric restriction

during hibernation and nutritional intake with seasonal variety.242
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Though the microbiome environmental factors can influence insulin sensitivity in humans,

reduced diversity in the gut microbiome is seen in obesity and T2DM. Modulation of the

microbiome could therefore be a novel way to treat IR.244 The microbiome has the ability to

expand nutritional resources, produce vitamins and modulate immunology and

inflammation.245 Diet can influence temporary changes and shifts in the microbiome over 24

hours and therefore be used to affect intestinal microbiota.246,247

The microbiome is part of the para- and endocrine signaling of the gut-brain-axis.248 The

nervus vagus has been proposed as a major indicator of the gut-brain-axis and associations

between the gut-microbiome and the influence on mood disorders could potentially lead

options for nutritional therapy and “psychobiotics” in the treatment of depression.249–251 For

people with insulin treated T2DM a significant association between depression and insulin

therapy has been shown in a meta-analysis in 2018 highlighting the need for interdisciplinary

treatment.252

Kawano et al. proposed a model of immunological protection against MetS based on the

modulation of the microbiome which can be negatively influenced by dietary sugar

highlighting the connection between metabolic disease, microbial balance and commensal

immune cells.253 Further research in humans is needed to investigate the effects of fasting

on the microbiome.254,255

In the current study, microbiome samples were taken during the Interfast-2 study at baseline,

after 4 weeks and after 12 weeks and will be analyzed to explore the effect of intermittent

fasting on the microbiome in people with insulin treated T2DM. Questionnaires on the

psychosomatic competence of patients will be evaluated and data collected from the CGM

devices will be analyzed in further detail to gain insight into the glucose fluctuations during

fasting and eating days. These results may open up new insights into the complex

mechanisms of fasting in people with T2DM.

Thus, the growing knowledge on the effects of the modulation of food consumption whether

through delayed absorption or intermittent fasting on insulin, leptin as well as the effects on

the microbiome might expand our understanding of metabolism and help us succeed in

providing personalized precision medicine to help patients achieve their treatment goals.
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