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Intraperitoneal insulin administrasjon – det optimale valget for en kunstig 

bukspyttkjertel? 

Sammendrag 

Hovedfokuset for denne avhandlingen er å utforske det intraperitoneale rom som sted for 

administrering av insulin. Vi antar at intraperitoneal administrering av insulin er mer 

fysiologisk korrekt ettersom denne administrasjonsmetoden etterligner endogen 

insulinsekresjon og teoretisk sett skal oppnå overlegen glykemisk kontroll sammenlignet 

med subkutant tilført insulin. Et ytterligere fokus i avhandlingen er å undersøke 

intraperitoneal administrering av glukagon. Glukagon gis i tilfeller med alvorlig 

hypoglykemi og blir undersøkt for bruk i en bihormonell kunstig bukspyttkjertel. Vi antar 

at intraperitoneal administrasjon av glukagon, som ved insulin, etterligner endogen 

sekresjon bedre enn når hormonet gis subkutant. 

Som en del av avhandlingen utførte vi en metaanalyse av data fra tilgjengelig litteratur 

hvor vi utforsket en rekke fysiologiske effekter og sammenlignet kontinuerlig 

intraperitoneal insulininfusjon med kontinuerlig subkutan insulininfusjon hos pasienter 

med diabetes mellitus type 1 (Paper I). I den andre artikkelen undersøkte vi 

farmakokinetikken og farmakodynamikken til forskjellige insulinboluser gitt 

intraperitonealt og sammenlignet med boluser gitt subkutant i anesteserte griser (Paper 

II). I den tredje artikkelen undersøkte vi farmakodynamikken til glukagon etter 

intraperitoneale og subkutane injeksjoner hos rotter (Paper III). 

Avhandlingen omhandler de to viktigste bukspyttkjertelhormonene som påvirker 

glukosehomeostasen, insulin og glukagon. Derfor, i kapittel 2 "Bakgrunn", er endogent 

insulin og glukagonsyntese, sekresjon og effekter beskrevet. Relevante tilgjengelige 

eksogene insulin-analoger er også beskrevet. 

I tillegg er somatostatin beskrevet, fordi somatostatinanaloger ble brukt i dyreforsøkene 

for å undertrykke endogen sekresjon av insulin og glukagon. 

Forskningsgruppen Artificial Pancreas Trondheim (APT) har som hovedfokus å utvikle en 

bihormonal kunstig bukspyttkjertel, dvs. et lukket sløyfesystem for intraperitoneal insulin- 

og glukagoninfusjon. Denne avhandlingen bidrar med ny kunnskap om 

farmakodynamikken og farmakokinetikken til intraperitonealt administrert insulin og 

farmakodynamikken til intraperitonealt administrert glukagon som kan brukes til å utvikle 

algoritmer for en intraperitoneal kunstig bukspyttkjertel. Derfor inneholder kapittel 2 en 

evaluering av potensielle fordeler og ulemper ved kontinuerlig intraperitoneal 

insulininfusjon sammenlignet med kontinuerlig subkutan insulininfusjon. Tilgjengelig 

informasjon om mulige fordeler og ulemper ved en intraperitoneal kunstig bukspyttkjertel 

og bi-hormonell kunstig bukspyttkjertel er også oppsummert i avhandlingen. 
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Denne avhandlingen demonstrerer de potensielle fordelene ved intraperitoneal 

insulininfusjon og glukagonadministrasjon som en del av en kunstig bukspyttkjertel. Mitt 

håp er at denne avhandlingen vil være ett skritt nærmere en kunstig bukspyttkjertel som 

normaliserer eller nær normaliserer glukosenivået hos pasienter med diabetes mellitus 

type 1. 
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Summary 

The main focus of this thesis is to explore the intraperitoneal (IP) cavity as the location for 

insulin administration. We hypothesized that IP insulin administration is more physiologic 

as it mimics endogenous insulin secretion and theoretically should achieve superior 

glycaemic control compared to subcutaneous (SC) delivered insulin. An additional focus 

was on IP glucagon administration, as glucagon is administered in a case of severe 

hypoglycaemia and is explored for use in a bi-hormonal artificial pancreas (AP). We 

hypothesized that IP glucagon administration, as IP insulin administration, mimics 

endogenous glucagon secretion closer than SC glucagon administration. 

In the work of the thesis, we performed a systematic review where we explored a variety 

of physiological effects in a comparison between continuous IP insulin infusion (CIPII) and 

continuous SC insulin infusion (CSII) in patients with diabetes mellitus type 1 (Paper I). In 

the second paper, we contrasted the pharmacokinetics and pharmacodynamics of various 

IP insulin boluses in anaesthetised pigs to that of SC insulin (Paper II). In the third paper, 

we investigated pharmacodynamics of glucagon after IP and SC injection in rats (Paper 

III).  

The thesis involves the two most important pancreatic hormones affecting glucose 

homeostasis, insulin and glucagon. Therefore, in the chapter 2 ʻBackgroundʼ, endogenous 

insulin and glucagon synthesis, secretion and effects are described. Relevant available 

exogenous analogues are also described. 

Additionally, somatostatin is also mentioned as somatostatin analogues were used in the 

animal trials to supress endogenous insulin and glucagon secretion. 

The Artificial Pancreas Trondheim (APT) research group has its main focus towards the 

development of bi-hormonal AP system, i.e., a closed-loop IP insulin infusion system. In 

this thesis we obtained information of insulin pharmacodynamics and pharmacokinetics 

and glucagon pharmacodynamics that will be used to develop an algorithm for an IP AP. 

Therefore, chapter 2 includes an evaluation of potential benefits and disadvantages of 

CIPII compared to CSII. Also, available information on possible advantages and 

disadvantages of IP AP and bi-hormonal AP development are summarized. 

This thesis demonstrates the potential benefits of IP insulin and glucagon delivery as part 

of an AP. My hope is that this thesis will be one more step toward an AP that normalizes 

or close to normalizes glucose levels in patients with DM1.
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Kopsavilkums  

Šī promocijas darba tēma ir izpētīt vēderplēves dobuma izmantošanu insulīna ievadīšanai 

pacientiem ar pirmā tipa cukura diabētu. Darbā tika izvirzīta hipotēze, ka fizioloģiskajai 

insulīna sekrēcijai tuvāks process būtu papildus ievadītā insulīna uzsūkšanās no 

vēderplēves dobuma nevis no zemādas audiem. Papildus tika salīdzināta glikagona 

uzsūkšanās spēja pēc ievadīšanas vēderplēves dobumā un zemādas audos, ka arī noteikts 

glikozes līmenis asinīs. 

Darba gaitā tika veikts sistemātisks literatūras izpētes un salīdzināšanas darbs. Pirmajā 

rakstā, kurā publicēti iegūtie rezultāti no veiktās sistemātiskās literatūras izpētes, tika 

salīdzināti dažādi fizioloģiskie faktori laika posmos kad insulīns tika ievadīts vēderplēves 

dobumā (1.5 – 36 mēneši) un kad insulīns tika ievadīts zemādas audos (vismaz 3 mēneši) 

pacientos ar pirmā tipa cukura diabētu. Nākamajā rakstā, tika prezentēti rezultāti par 

insulīna uzsūkšanās ātrumu un ietekmi uz glikozes līmeni asinīs, pēc insulīna ievadīšanas 

vēderplēves dobumā un zemādas audos cūkās, kā modeļorganismā. Pirms insulīna 

injekcijām, cūkām tika ievadīti somatostatīna analogi (oktreotīds un pasireotīds). Pēdējā 

rakstā, kas iekļauts šajā darbā, tika prezentēti rezultāti par glikagona uzsūkšanās ātrumu 

un ietekmi uz glikozes līmeni asinīs, pēc glikagona ievadīšanas vēderplēves dobumā un 

zemādas audos. Kā modeļorganisms tika izmantotas baltās žurkas, kurām pirms glikagona 

injekcijas tika ievadīts somatostatīna analogs (oktreotīds).  

Ņemot vērā to, ka promocijas darba fokuss bija svarīgākie aizkuņģā dziedzera sekrēcijas 

hormoni – insulīns, glikagons un somatostatīns, ievaddaļā apkopoti minēto hormonu 

metabolisma apraksti, ar papildus informāciju par eksogēno analogu izmantošanu un 

pieejamību klīniskajā praksē.  

Darbs tika izstrādāts kā pētījums kopā ar pētnieku grupu “Artificial Pancreas Trondheim”, 

un darba iegūtie rezultāti tiks izmantoti mākslīgā aizkuņģā dziedzera izveidē. Tādēļ 

galvenais uzsvars šājā darbā bija iespējamie ieguvumi no insulīna ievadīšanas vēderplēves 

dobumā salīdzinot ar tā ievadīšanu zemādas audos pirmā tipa cukura diabēta pacientos. 

Darbs parāda pozitīvos ieguvumus no insulīna ievadīšanai vēderplēves dobumā: (i) 

pazemināts insulīna līmenis perifērajā asinsritē, (ii) ātrāka insulīna uzsūkšanās, un (iii) 

pazemināts HbA1c līmenis.  
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Definitions   

2-amino-2-norbornanecarboxylic acid – (BCH) – amino acid, an inhibitor of system L 

amino acid transporters, BCH suppresses mTORC1 signalling that drives DNA synthesis and 

cell proliferation [1]. 

Brittle diabetes – (also called labile diabetes) an uncommon variant of DM1, in which 

patients’ lives are affected by glycaemic instability, i.e., frequent hypoglycaemia, 

hyperglycaemia or both [2]. 

DM1 – (previously known as insulin-dependent, type 1 diabetes, juvenile or childhood-

onset diabetes) is characterized by absence or low endogenous insulin production and 

requires daily administration of exogenous insulin. The ultimate cause of DM1 is unknown, 

and it is not preventable with current knowledge [3]. 

Diabetes mellitus type 2 – (formerly called non-insulin-dependent or adult-onset 

diabetes) insulin is present, but accessibility is reduced, i.e., insulin resistance or insulin 

production is decreased [3]. 

Endothelial cells – cells that line all blood vessel walls and are exposed to the mechanical 

forces of blood flow which modulate their function and play a role in vascular regulation, 

remodelling and disease [4]. 

Free oxygen radicals (FOR) – unstable molecules that contain oxygen and can efficiently 

react with other molecules in the cell. The increased amount of FOR in cells can cause 

damage to DNA, RNA, proteins and may cause cell death [5]. 

Gestational diabetes mellitus – defined as any degree of glucose intolerance with onset 

or first recognition during pregnancy. The definition applies whether insulin or only diet 

modification is used for treatment and whether or not the condition persists after 

pregnancy [6]. 

Glycocalyx – proteoglycan, glycosaminoglycan and plasma protein layer on the external 

surface of the plasma membrane of the epithelial cells. Identifier and distinguisher 

between original body’s cells and external organisms, cells or tissues. Contribute to cell-

to-cell recognition [7]. 

HbA1c – glycated haemoglobin – develops when haemoglobin, a protein within red blood 

cells that carries oxygen throughout a body, joins with glucose in the blood. HbA1c can be 

used to clinically reflect the blood glucose level with at least 8 – 12 weeks intervals. In 

nondiabetic individuals HbA1c levels are < 6.0 %. In prediabetic individuals 6.0 % – 6.4 %. 

In diabetic individuals HbA1c levels are > 6.5 % [8]. 
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Hyperglycaemia – fasting blood glucose levels ≥ 7.0 mmol/L or oral glucose tolerance test  

– 2 hours value ≥ 10 mmol/L [9] with additional symptoms: dry mouth, increased thirst, 

weakness, headache, blurred vision, frequent urination. 

Hypoglycaemia – blood glucose levels < 3.9 mmol/L [10] with clinical symptoms: sweating, 

sleepiness, pallor, lack of coordination, irritability, hunger. 

Insulin resistance – is a condition in which a person`s body tissues shows a lowered level 

of insulin response [11]. 

Intramuscular – within the substance of a muscle. 

Intraperitoneal – the potential space between the parietal and the visceral peritoneum. 

Intravenous – within a vein. 

Latent Autoimmune Diabetes in Adults – the slow onset of the disease, where patients 

being affected by an autoimmune DM1 not requiring insulin at the present state of 

diagnosis [9].  

Ketoacidosis (diabetic) – the accumulation of ketone bodies in the blood, which results in 

metabolic acidosis, caused by hyperglycaemia. DKA can progress to diabetic coma [12].  

Multiple daily injections – the administration of 2 or more insulin injections/day. MDI 

include one or two injection of medium or long-acting insulins (24-hour active) and 

injections of rapid or short-acting insulin preceding meals [13].  

Obesity – body mass index (BMI) calculated by dividing a person`s weight in kilograms by 

a square of his height in meters. Obesity is BMI 30 – 40 kg /m2 [14]. 

Proportional integral derivative – a control loop system that based on the feedback from 

the system continuously calculates an error value as the difference between a desired set-

point and a process variable and applies a correction based on proportional, integral and 

derivative terms [15]. 

Severe hyperglycaemia – increased blood glucose levels. Glucose is utilized by the body 

cells; the body cells must use ketones as sources of energy; develops ketoacidosis [16]. 

Severe hypoglycaemia – such low blood glucose levels that the patient requires assistance 

from another person [17].  

Subcutaneous – beneath the layers of the skin. 
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1. Introduction 

1.1. Motivation 

Around 422 million adults worldwide have diabetes, which equates to 1 of 11 persons 

[18]. In Norway, with 5.4 million inhabitants, there are approximately 375 000 people with 

diabetes which implies a prevalence of 6.9 % [19]. Diabetes is one of the main causes of 

death worldwide; 1.6 million deaths are directly attributed to diabetes each year [18].  

Around 10 % of all people with diabetes have diabetes mellitus type 1 (DM1) [20]. Based 

on The Norwegian Diabetes Association data, in Norway, it is 7.5 % or 28 000 people living 

with DM1 [19]. 

Hyperglycaemia or symptoms related to hyperglycaemia, are the first signs that indicate 

DM1. Due to hyperglycaemia, patients experience well-known classical symptoms such as 

feeling tired and sick, polyuria, excessive thirst, hunger, and weight loss [9]. Symptoms of 

DM1 can develop suddenly (over days or weeks) in previously healthy children or 

adolescents (DM1) or can develop gradually over months or years in adults (Latent 

Autoimmune Diabetes in Adults, LADA) [21]. 

DM1 is a chronic disease that, if not treated accordingly, in the long term, can lead to a 

numbers of life-threatening complications such as renal failure, heart disease, stroke, and 

blindness [22]. Furthermore, psychological health is affected, with disease fatigue [23] and 

fear of hypoglycaemia [24]. Thus, it is vital to manage hyperglycaemia efficiently and in a 

safe manner to prevent complications of the disease and improve patient’s quality of life. 

In patients with DM1, every day’s therapy implies blood glucose (BG) measurements and 

insulin injections. Exogenous insulin administration is preferably tailored to mimic 

endogenous insulin secretion. In DM1, insulin injection is necessary every day, before 

every meal and before bedtime, and when patients suspect hyperglycaemia [25]. The 

most practised method for insulin delivery is subcutaneous (SC) via a syringe, insulin pen 

or insulin pump. However, most patients do not achieve their glucose level targets by SC 

insulin administration, i.e., they experience regular hypo- and/or hyperglycaemic events, 

and poor results regarding HbA1c. HbA1c is a measure of average glucose control for the 

previous 2-3 months.  

Diabetes research aims to reduce the burden to DM1 patients by establishing more 

manageable, faster and more painless technologies for blood glucose monitoring and 

insulin delivery. For decades an artificial pancreas (AP), i.e., a fully automated closed-loop 
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system controlling the insulin delivery by mimicking the endogenous insulin secretion, has 

been a distant goal. At present, the goal seems to be within reach, and in recent years, 

hybrid SC APs have been introduced to clinical practice [26-28]. The main focus in the 

current AP approach is on algorithm-steered CSII, the commonly used route of insulin 

delivery as SC tissue is readily assessable. However, SC insulin delivery comes with a 

relatively slow absorption, compared to insulin secretion from the pancreas in healthy 

people [29]. Animal trials show that SC insulin induces hyperinsulinemia in the systemic 

circulation and subnormal insulin concentration in the pancreas portal circulation that 

delivers the blood entering the liver [30].  

1.2. Scope 

Insulin absorption should be fast, effective and predictable, in order to provide optimal 

benefits from the administrated hormone. Intraperitoneal insulin infusion (IPII) seems to 

offer these benefits. However, insulin pump implantation for IPII is an invasive, costly and 

burdensome procedure. Therefore, it is essential to verify the current benefits of IPII. 

Insulin dynamics in the IP space and its effect on BG levels been sparsely studied. 

Moreover, new insulin analogues are being developed, and new faster-acting and more 

concentrated insulins are in the pipeline towards the market. 

Some research groups focus on bi-hormonal APs, which preferably combine insulin and 

glucagon delivery. This approach allows a more aggressive way of insulin delivery as 

glucagon is used to counteract and/or prevent hypoglycaemia.  

The overall scope of this thesis is to examine the potential benefits of continuous IP insulin 

infusion (CIPII) as part of an IP AP. Paper I provides a systematic review and meta-analyses 

of some of the effects of CIPII compared to CSII in DM1 patients.  

Further, we explored the pharmacokinetics and pharmacodynamics of IP insulin delivery 

in anaesthetised pigs in paper II.  

In clinical practice, glucagon is used for severe hypoglycaemia and has also been used in 

bi-hormonal AP studies. Thus, we explored the glucose response to IP delivered glucagon 

in rats in paper III. 
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1.3. List of papers  
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Physiological effects of intraperitoneal versus subcutaneous insulin delivery in 
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Carlsen, Sverre Christian Christiansen.  
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doi: 10.1136/bmjdrc-2020-001929. 

PMID: 33452058   PMCID: PMC7813410 

Paper III 
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doi: 10.1136/bmjdrc-2018-000560.  

PMID: 30487972   PMCID: PMC6235059 

 

 

 



1. Introduction 

4 
 

Conference posters 

Results from conference posters are included in the main articles: 

Dirnena-Fusini I, Åm MK, Christiansen SC, Fougner AL, Carlsen SM.  

Physiologic effects of intraperitoneal vs. subcutaneous insulin delivery in patients with 

DM1: A systematic review.  

Presented as poster at the conference Advanced Technologies & Treatments for Diabetes 

(ATTD 2017) Paris, France, February 2017. 

 

Dirnena-Fusini I, Åm MK, Christiansen SC, Fougner AL, Carlsen SM.  

Intraperitoneal, subcutaneous and intravenous glucagon delivery in rats: Effect on glucose 

levels. 

Presented as poster at the conference Advanced Technologies & Treatments for Diabetes 

(ATTD 2018) Vienna, Austria, February 2018. 

 

Dirnena-Fusini I, Åm MK, Carlsen SM, Fougner AL, Christiansen SC. 

 Intraperitoneal insulin administration in pigs: Effect on circulating insulin and glucose 

levels.  

Presented as poster at the conference Advanced Technologies & Treatments for Diabetes 

(ATTD2019) Berlin, Germany, February 2019. 

 

Dirnena-Fusini I, Åm MK, Carlsen SM, Fougner AL, Christiansen SC.  

The metabolic effects of continuous intra-peritoneal insulin infusion, a systematic review. 

Presented as poster at the conference Advanced Technologies & Treatments for Diabetes 

(ATTD, 2020), Madrid, Spain, February 2020. 
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2. Background 

To properly understand exogenous insulin absorption from the IP cavity, it is essential to 

comprehend endogenous insulin biogenesis, signalling pathways, and hormones that can 

affect insulin absorption and interfere with metabolic reactions, such as glucagon and 

somatostatin. 

Therefore, in this chapter, I present a brief review of general concepts of insulin 

biosynthesis and the importance of insulin in homeostasis. I briefly describe hormones 

that are affected or can be affected by insulin production and presence in the circulation. 

I briefly explain the most common complications and the struggle patients with DM1 

encounter. I touch on insulin analogues and insulin administration routes, their 

advantages and disadvantages. At the end of the chapter, I introduce the IP cavity as a 

potential site of insulin administration, as it is a well-known insulin administration route; 

however, not commonly used in clinical practice. And at the very end, I briefly discuss 

glucagon as a potential hormone for avoiding hypoglycaemia during automated insulin 

administration (closed-loop system) in patients with DM1. 

2.1. Pancreas  

The pancreas was first described by the Greek anatomist and surgeon Herophilus (335–

280 BC) [31]. The pancreas (from Greek “πάγκρεας”, literally means “all-flesh”) abide on 

the posterior wall of the abdominal cavity. Theoretically, we can separate it into different 

parts: head, neck, body and tail. The pancreas is one of the most complex tissues in the 

body. It is composed of a mixture of endocrine and digestive exocrine cell components.  

In 1869, the German pathologist, physiologist and biologist Paul Langerhans (1847–1888) 

reported that the pancreas has two systems of cells [31]. Islets of Langerhans contain α, β 

and δ cells. They are responsible for maintaining homeostasis as insulin secretion is 

heterogeneous and dependent on cell-to-cell contact, i.e., insulin secretion is increased 

from β cells that have direct contact with α cells [32]. The islets are dispersed within the 

pancreas instead of forming a solid endocrine gland-like most other endocrine tissues. The 

distribution may reflect the function of the islets. Based on physical law, many small 

spheres' surface is larger than the body of the same volume of the object condensed into 

a single sphere [33]. Therefore, in the islets, hormone secretion from the islets' cells is 

more effective than from a single solid endocrine gland. 

As widely known, β cells are responsible for insulin synthesis and secretion to decrease 

glucose levels. In contrast, α cells act counterregulatory and secrete glucagon in the time 
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of hypoglycaemia. Not so well known, there are δ cells responsible for somatostatin 

secretion. This hormone inhibits the release of almost all endocrine and exocrine 

secretions of the pancreas, gut and gallbladder [34]. 

The endocrine pancreas consists of the islets of the Langerhans that secretes hormones 

to the blood. The total number of islets varies as much as between 3.6 and 14.8 million, 

and the highest number of islets are in the pancreas body. The total islet volume is 

between 0.5 to 1.3 cm3. Furthermore, the cellular composition of the islets differs with ∼ 

60 % for β cells, ∼30 % for α cells, whereas the remaining 10 % contains δ cells and γ cells 

(pancreatic polypeptide secretion) [35]. 

The enzyme-producing cells (produce pancreatic juice) form pancreatic acini and are 

known as the exocrine pancreas (Fig 1). The intercalated ducts connect the acini to the 

intralobular ducts. These ducts drain to the interlobular ducts making the pancreatic duct 

system. The juice contains water, bicarbonate ions and various enzymes, i.e., trypsinogen, 

chymotrypsinogen, carboxypeptidases, elastase, lipase, phospholipase A, amylase, DNAse 

and RNAse). The pancreatic juice is excreted to the duodenum via the pancreatic duct 

[36].     

 

 

Figure 1. Exocrine pancreas and structure of Islet of Langerhans. Schematic drawing made by Ilze Dirnena-
Fusini. 

2.2. Insulin and its metabolism 

2.2.1. Proinsulin and its structure 

Insulin biogenesis starts with the synthesis of preproinsulin in the rough endoplasmic 

reticulum (RER). In RER, preproinsulin is transformed into proinsulin (Fig 2). Proinsulin 

contains an amino acid A-chain, a B-chain linked together by two disulphide bonds, and a 

C-chain with extra amino acids (n = 4) that connects the C-chain with the A- and B-chains 

(Fig 3). Proinsulin is packed in the Trans-Golgi Network (TGN) and sorted into immature 
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secretory granules. From these immature granules via the constitutive (unregulated) 

pathway, proinsulin can be transported to the plasmatic membrane and, during 

exocytosis, fuse into the cytoplasm. However, proinsulin has the only weak binding ability 

to insulin receptors (IR) and is released via proteolytic processes [37].  

2.2.2. Insulin biogenesis 

During the secretory (regular, i.e. usual pathway) pathway, before the formation of 

granules, proteins in the lumen of the TGN accumulates in a mildly acidic, high Ca2+ 

concentration environment, and the accumulated proteins directly interact with lipid 

membrane cholesterol, which leads to reorganization of cholesterol-rich microdomains. 

Subsequently, immature granules are produced; during the maturation process and 

insulin formation by excision of the C-peptide, the acidity level increases in the granule. 

The insulin dense-core granules are generated via Ca2+ and zinc-dependent condensation 

processes. The insulin granules contain readily releasable pools (RRP), responsible for the 

initial (first phase) insulin secretion, and a second reserve pool, more prolonged (second 

phase) insulin secretion [38]. RRP links with the plasma membrane and prepares for acute 

Ca2+-dependent release of insulin. Secretion from the reserve pool requires granule 

trafficking to the plasma membrane (Fig 2) [38]. 

 

Figure 2. Insulin biogenesis. Preproinsulin is produced in RER, where it transforms into proinsulin. Proinsulin 
enters TGN where it is packed into immature granules. The constitutive pathway: proinsulin is packed into 
small transport vesicles, directly transferred to and fused with the plasma membrane. The secretory pathway: 
immature granules shift to the acidic state via adenosine triphosphate (ATP)-dependent proton pump where 
proinsulin undergo proteolysis by endoproteases, with separation of C-terminal by carboxypeptidase E. It 
results in the formation of mature, dense core insulin (A- and B-chain) granules and C-peptide (C-chain). 
Reused from June Chunqiu Hou, Le Min, Jeffrey E. Pessin. Vitamins & Hormones [38]. This figure is licensed 
under an Elsevier and Copyright Clearance Center. No modifications have been made. Abbreviations: RRP, 
readily releasable pools; TGN, trans-Golgi network; RER, rough endoplasmic reticulum; VDCC, voltage-
dependent Ca2+ channels; ER, endoplasmic reticulum; cAMP, cyclic adenosine monophosphate; EPAC, 
exchange protein activated by cAMP; GLP-1R, glucagon-like peptide-1 receptor. 
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Figure 3. Structure of human proinsulin. Schematic drawing made by Ilze Dirnena-Fusini.  
Abbreviations: Ala, alanine; Asp, aspartic acid; Arg, arginine; Asn, asparagine; Cys, cysteine; Gln, glutamine; 
Glu, glutamic acid; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Phe, phenylalanine; Pro, 
proline; S, sulfide;  Ser, serine; Thr, threonine; Tyr, tyrosine; Val, valine. 

2.2.3. Insulin structure  

Insulin is a polypeptide hormone made by two peptide chains: A-chain and B-chain. 

Human insulin is composed of 51 amino acids: 21 amino acids in the A-chain and 30 amino 

acids in the B chain linked together by two disulphide bonds (Fig 4). The molecular weight 

of the human insulin monomer is 5808 Daltons with a hydrodynamic diameter of 2.69 – 

5.50 nm (27 – 55 Å) [39]. Some of the amino acids are structurally functionally important 

and essential for insulin binding to the IR, including A1Gly, A2Ile, A3Val, A19Tyr, B6Leu, 

B12Val, B23Gly, B24Phe, and B25Phe [40] and are present in most, if not all animal species 

[41-45]. 

At increased monomer concentration, insulin fuses into dimer structures. In the presence 

of zinc ions, further insulin associates into hexamers [46]. Hexamers are produced during 

the maturation process when six insulin molecules stabilize around two zinc ions to form 

hexamers. These insulin hexamer granules are inactive and are too bulky, with a size of 

about 36 kiloDaltons (∼300 – 400 nm diameter; compared to small transport vesicles (∼50 

nm diameter)) to be transported via the plasmatic membrane [38].  
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Figure 4. Human insulin structure. Amino acids A6-A11, A7-B7 and A20-B19 are connected by disulphide bonds. 
Schematic drawing made by Ilze Dirnena-Fusini.  
Abbreviations: Ala, alanine; Arg, arginine; Asn, asparagine; Cys, cysteine; Gln, glutamine; Glu, glutamic acid; 
Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Phe, phenylalanine; Pro, proline; S, sulphide;  
Ser, serine; Thr, threonine; Tyr, tyrosine; Val, valine.
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2.2.4. β-cell signalling pathway and insulin secretion 

Glucose is the primary regulator of insulin biosynthesis and secretion [47]. Glucose-

stimulated insulin secretion (GSIS) is promoted by glucose stimulating ATP production, 

inducing closure of ATP-sensitive potassium channel, which results in depolarization of 

the β cell and increases Ca2+ entry via voltage-dependent Ca2+ channels. Rise of 

intracellular Ca2+ triggers insulin release from RRP (Fig 5) [48].  

 

Figure 5. β cell signalling pathways. Via the glycolysis and mitochondrial ATP energy production the ATP/ADP 
ratio increases that leads to the closure of the ATP-sensitive potassium channels (KATP). The subsequent 
cellular depolarization activates voltage dependent Ca2+ channels resulting in extracellular Ca2+ influx and 
fusion of insulin granules with the plasma membrane. The incretin hormone GLP-1 acts on its receptor at β 
cell plasma membrane to activate adenylyl cyclase and increase intra cellular cAMP levels. Consequently, 
cAMP binds and activates protein kinase A and EPAC. EPAC increase intra cellular Ca2+ level from intra cellular 
Ca2+ stores in the ER, thereby reserve pool insulin granules are fused closer to the plasma membrane and 
transformed to the RRP. 
Reused from June Chunqiu Hou, Le Min, and Jeffrey E. Pessin. Vitamins & Hormones [38]. This figure is licensed 
under an Elsevier and Copyright Clearance Center. No modifications have been made. Abbreviations: RRP, 
readily releasable pools; VDCC, voltage-dependent Ca2+ channels; ER, endoplasmic reticulum; cAMP, cyclic 
adenosine monophosphate; EPAC, exchange protein activated by cAMP; GLUT2, glucose transporter 2; GLP-
1R, glucagon-like peptide-1 receptor. 

Insulin secretion 

Insulin secretion is stimulated by hyperglycaemia [49], increased levels of specific amino 

acids [50-52], and proteins [53, 54]. The exact mechanism behind insulin release from RRP 

is unsettled. There are three theories:  

1) The membrane of dense-core hexamer insulin granule completely fuses with the 

plasma membrane resulting in the emptying of the granule contents and complete 
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integration of granule content (membrane lipids, proteins and all granule content) with 

the plasma membrane [55].  

2) A kiss-and-run type mechanism, where transient pores open between the granule 

membrane and the plasma membrane allowing for a partial or complete release of the 

granule content, followed by the closure of the plasma fusion pore [56].  

3) A kiss-and-run type mechanism, called cavicapture, where only selective components 

of the granule membrane and granule content undergo exocytosis followed by the closure 

of the plasma fusion pore [55]. 

During hyperglycaemia, Ca2+ levels in the β cells increases [49] due to the closure of ATP-

sensitive potassium (KAPT) channels. Increased Ca2+ levels stimulate exocytosis of insulin 

RRP granules (first phase secretion) [57]. Increased Ca2+ promotes the insulin granule 

mobilization in the reserve pool and enables them for release once the Ca2+ level increases 

to exocytotic levels (second phase secretion) [58]. In an experiment with pseudo-islet, 

increased insulin secretion was observed during the presence of additional potassium 

chloride (KCl) but increased minimally during glucose boluses. Surprisingly, higher insulin 

production was observed in 32 °C, compared to 37 °C and 22 °C [59].  

In experiments with mice pancreatic β cells, exocytosis of ∼35 – 40 granules was seen 

during the first-phase insulin secretion compared to exocytosis of 120 – 130 granules by 

mimicking the second-phase insulin secretion via the stimulation of GSIS [58]. Mobilizing 

insulin granules from the reserve pool that contains most of the insulin granules requires 

a series of Ca2+, ATP, time and temperature-dependent processes [38].  

In individuals without diabetes, endogenous insulin secretion follows in two steps: (1) a 

rapid insulin increase in the bloodstream with a peak after 30 to 45 minutes after the meal 

(post-prandial), and its return to basal levels after one to three hours; and (2) a constant 

insulin secretion at a lower rate (basal) [60].  

Post-prandial endogenous insulin level increase depends on the number of carbohydrates 

consumed during the meal. Though, basal endogenous insulin is released continuously at 

low rates (5 – 15 µU/mL) in response to hepatic glucose production to retain stable 

glucose levels (4 – 5 mmol/L) [25]. Insulin in interaction with glucagon regulates BG levels 

that are described in section 2.3. In healthy individuals, post-prandial BG concentration 

can increase till 11.1 mmol/L, and due to endogenous insulin release, it fast returns to 

basal BG levels. This endogenous regulation system manages BG levels in a narrow range 

(3.5 – 7.5 mmol/L) (Fig 6) [25]. 
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Figure 6. Diagram of endogenous insulin secretion in the healthy individual during the 24-hour profiling. This 
figure is licensed under an Elsevier and Copyright Clearance Center. Reused without modifications from 
Thompson et al. [25]. 

2.2.5. Insulin receptor and role in metabolism 

In the form of a bioactive monomer, insulin binds to a specific insulin receptor (IR) on the 

cell's surface to promote metabolic processes [61]. This action activates a cascade of 

intracellular signalling processes that regulate essential biological processes such as 

glucose and lipid metabolism, gene expression, protein synthesis and growth, division and 

survival of cells [62]. The IR also play an essential role in the modulation of pancreatic α 

cell functions via intra-islet regulation [63]. 

The IR is a receptor tyrosine kinase (RTK), a heterotetrameric membrane protein that 

contains two monomers linked by disulphide bonds. Each monomer contains an α-subunit 

which is an insulin binding subunit and a β-subunit which includes the extracellular part, 

a membrane-spanning transmembrane domain and an intracellular kinase domain (IKD). 

In an inactive state, the α-subunit binds to the β-subunits extracellular region and 

inactivates IKD [64]. Adipocyte and liver plasma membrane IR α-subunits links with other 

α-subunits through disulphide bridge [65]. In the active state, when insulin binds to the IR 

α-subunit, it activates derepression of the IKD in the β-subunit following a trans-

phosphorylation process of the β-subunit and a conformation change that increases IKD 

activity [66]. RTKs coordinate a variety of cellular functions such as growth (insulin-like 

growth factor 1 (IGF-1)), survival, differentiation, metabolism and inflammatory responses 

[67]. In particular, insulin RTK stimulates the synthesis and storage of carbohydrates, lipids 

and proteins (Fig 7). 
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Figure 7. The regulation of metabolism by insulin. Insulin is the most critical anabolic hormone known and 
stimulates the synthesis and storage of carbohydrates, lipids and proteins due inhibiting their degradation 
and release into the circulating system. Insulin triggers the uptake of glucose, free fatty acids (FFA) and amino 
acids into the cells and increases activity of enzymes that catalyse glycogen, lipid and protein synthesis and 
deters the activity of catalysing degradation. Reused without modifications from Saltiel et al. [66]. 

Primary, insulin regulates hepatic glucose uptake and production (HGP) by directly binding 

to hepatic IRs [68], the hepatic uptake of insulin is 40 – 80 % of total body insulin removal, 

and uptake increases with increasing insulin infusion rate [69].  

Secondary, insulin binds to skeletal and cardiac muscle and adipose tissue IRs and 

stimulates glucose, free fatty acids and amino acids uptake into the tissues where they 

are assimilated and stored as glycogen, lipids and protein and, consequently, increases 

cell growth (Table 1) [41, 70]. In patients with DM1, fatty acid metabolism is reduced [71]. 

Another insulin interaction is with endothelial surface glycocalyx, where insulin increases 

glycocalyx exposure to circulating blood; thus, glycocalyx can effectively dispose of 

glucose from circulation by transcapillary transport [72]. In patients with DM1, blood flow 

in peripheral arterial and microvascular circulation is reduced compared to healthy 

individuals [73], and peripheral capillary blood vessels thicken, occasionally progresses to 

complete occlusion [74]. Thus, insulin distribution in peripheral tissues does not happen 

evenly and reduced glycocalyx permeability for glucose. 
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Adipose tissue 

    Increased glucose entry  

    Increased fatty acid synthesis 

    Increased glycerol phosphate synthesis 

    Increased triglyceride deposition 

    Activation of lipoprotein lipase 

    Inhibition of hormone-sensitive lipase 

    Increased K+ uptake 

Muscle 

    Increased glucose entry 

    Increased glycogen synthesis 

    Increased amino acid uptake 

    Increased protein synthesis in ribosomes 

    Decreased protein catabolism 

    Decreased release of gluconeogenic amino acids 

    Increased ketone uptake 

    Increased K+ uptake 

Liver 

    Decreased ketogenesis 

    Increased protein synthesis 

    Increased lipid synthesis 

    Decreased glucose output due to decreased    

gluconeogenesis, increased glycogen synthesis, and 

increased glycolysis 

General 

    Increased cell growth 

Table 1. Effects of insulin on various tissues. Table reproduced from Ganong`s review of medical physiology 
(without modifications) [41].  

2.2.6. Hyperinsulinemia 

In non-diabetic people, the insulin concentration may rise 14-hold in the portal vein 

compared to peripheral venous concentration after IV glucose infusion [75]. 

Hyperinsulinemia can result from insulin resistance (see section 2.6.5.) or iatrogenic 

peripheral hyperinsulinemia that is a result of, for instance, SC insulin administration [76]. 

In both cases, hyperinsulinemia may increase the possibility of coronary artery diseases 

(CAD) [77]. 

In obese individuals, glucose extraction from the circulation is reduced due to large 

adipocytes with reduced metabolic activity and an altered balance towards more fat and 

less glucose entering the cells. An increased circulating BG level triggers insulin secretion 

with consecutive systemic hyperinsulinemia [78], which among others, leads to 

hypertension [14] and atherosclerosis [77]. 
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Noteworthy (however, not related to this thesis) is overexpressed endogenous insulin 

secretion from the pancreatic β cells leading to a severe hypoglycaemia. Cardiometabolic 

disease risk (hyperlipidemia, hyperinsulinemia, hypertension, elevated C-reactive protein) 

is clinically related to illicit drug use [79] and genetic abnormalities in specific genes [80]. 

Another reason for hyperinsulinemia is insulin resistance caused by obesity [81, 82] and 

polycystic ovary syndrome (PCOS) [83]. 

2.3. Glucagon and its role in metabolism 

2.3.1. Glucagon structure and its role in metabolism 

Glucagon is a polypeptide hormone-containing 29 amino acids (Fig 8). It has a molecular 

weight of 3485 Daltons [84] and is 4.8 nm in length [85]. Glucagon is mainly produced in 

α cells of the islets of the Langerhans with additional production in small and big intestine 

L-cells [86]. Glucagon is a counterregulatory hormone that is produced and secreted in 

response to hypoglycaemia. Upon production, glucagon binds to its receptors in the liver, 

hence stimulating hepatic glycogenolysis and gluconeogenesis, enhancing the hepatic 

output of glucose and subsequently increasing the circulating glucose levels [87]. 

However, during normoglycaemia, increased glucagon level does not necessarily increase 

BG level [87]. On the contrary, glucagon deficiency in mice does not lead to hypoglycaemia 

[88]. Glucagon is an essential hormone in amino acid homeostasis by stimulating hepatic 

amino acid breakdown [87]; and lipid metabolism, where glucagon activates lipolysis and 

inhibits lipid synthesis [89]. 

 

Figure 8. Human glucagon structure. Schematic drawing made by Ilze Dirnena-Fusini.  
Abbreviations: Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Gln, glutamine; Gly, glycine; His, 
histidine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Ser, serine; Thr, threonine; Trp, 
tryptophan; Tyr, tyrosine; Val, valine.
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2.3.2. Glucagon biogenesis 

Glucagon processing from proglucagon to glucagon differs between the pancreas and 

intestines. In pancreatic α cells, mainly glucagon is produced but with two additional 

glucagon-like peptides (GLP) (GLP-1 and GLP-2). In the intestinal L-cells of the mucosa, 

mainly GLP-1 and GLP-2 are produced with an additional glucagon production [86]. 

Neurons in the brain stem cells and hypothalamus also synthesize a small amount of 

glucagon [90].   

Proglucagon protein hormones are first sorted into specific intracellular (IC) compartments 

with consecutive sorting, processing, and storage of peptide hormones. Peptide hormones 

first undergo formation into prohormones and are selectively targeted to the regulated 

secretory pathway via the TGN. There, similar to insulin formation, prohormone glucagon 

is sorted and packaged into budding immature secretory granules. Prohormones then 

undergo endoproteolysis to form their constituent peptide hormones, which are then 

sorted into mature, dense-core secretory granules until exocytosis [91]. 

2.3.3. Glucagon secretion 

Glucagon is secreted in response to various metabolic changes such as a decrease in BG 

levels in combination with other paracrine factors [92, 93]; increase in certain amino acids, 

such as arginine and alanine  [94], increase in gastrointestinal peptides, such as ghrelin and 

oxyntomodulin [95, 96], and stimulation of sympathetic nervous system such as stress (Fig 

9) [97, 98].  

In healthy individuals without DM1, glucagon secretion is in the picomolar range, and 

glucagon concentration can vary from 5 pmol/L during the OGTT, 10 pmol/L during the 

fasting state till 20 pmol/L during the meal tolerance test to keep BG levels in the normal 

range (3.5 – 7.5 mmol/L) [99]. This thesis will shortly look into some of the glucose-

dependent glucagon secretions.  

The α and β cells contain ATP-sensitive potassium (KAPT) channels, which signalize variation 

in the extracellular glucose concentration due to changes in the membrane potential [100]. 

These changes in the membrane potential inhibit glucagon production and stimulate 

insulin production and vice versa [101]. During hypoglycaemia, the intracellular glucose 

level decreases with a subsequent reduction in glycolysis-produced ATP in the cell's 

mitochondria. [102]. The decreased level of ATP closes KATP channels, and the intracellular 

K+ concentration increases, which depolarizes the cell membrane, and thereby opens 

voltage dependent Ca2+ channels allowing an influx of Ca2+. Increase in intracellular Ca2+ 

concentration triggers secretion of glucagon via exocytosis (Fig 10) [103]. 
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Glucagon production is inhibited by β cell produced amylin, γ-aminobutyric acid, and zinc. 

Delta cell produced somatostatin also inhibits glucagon production. A high concentration 

of glucagon is a glucagon production inhibitor by itself, as well as fatty acids and glucose 

inhibit glucagon production [97]. 

 

Figure 9. Regulation of glucagon secretion. Glucagon secretion inhibitors (red, red star), glucagon production 
stimulators (black, black star). Reused without modifications from Wewer Albrechtsen et al. [97]. With 
permission from Future Medicine Ltd. Abbreviations: GLP1, glucagon-like peptide 1; GIP, gastric inhibitory 
polypeptide (glucose-dependant insulinotropic polypeptide).  

 

Figure 10. Glucagon secretion. During hypoglycaemia intracellular glucose concentration decreases, reducing 
ATP levels in the cell, this closed KATP channels and IC K+ concentration increase which depolarizes the cell 
membrane and opens Ca2+ channels increasing Ca2+ levels in the cell which activates glucagon secretion.  
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Reused from NCBI Bookshelf. A service of the National Library of Medicine, National Institutes of Health. This 
electronic version has been made freely available under a Creative Commons (CC-BY-NC-ND) license. A copy of 
the license can be viewed at http://creativecommons.org/licenses/by-nc-nd/2.0/. No changes were made. 
Legends: delta Vm, change in membrane potential.  

2.3.4. Glucagon receptor and signalling pathways 

Glucagon receptors (GCGRs) are membrane proteins that contain an extracellular and an 

intracellular part. When glucagon binds to the extracellular part of the receptor, 

conformational changes in the receptor occurs and causes activation of a G-protein. That 

causes the G-protein to attach to the intracellular part of the receptor [104, 105]. GCGRs 

are expressed in several tissues but mainly in the liver and kidneys [105].  

GCGRs are most important in the activation of the gluconeogenesis pathway. For example, 

GCGR knockout mice are resistant to diet-induced obesity, and after the destruction of β 

cells, they are also resistant to hyperglycaemia [106].  

Signalling pathways 

The binding of glucagon triggers conformational changes in the GCGR leading to an 

intermediate state of the protein. The combined action of the peptide and heterotrimeric 

G-proteins (Gnas) rearranges the extracellular and intracellular subunit and connections 

and activates the GCGR [107]. Gnas signalling activates adenylyl cyclases (Adc), resulting in 

the production of cAMP and subsequent activation of the protein kinase A (PKA) pathway. 

PKA inhibits glycolysis and glycogen biosynthetic pathways. PKA activates gluconeogenesis 

and glycogen degradation pathways and activate gluconeogenic genes expression via 

phosphorylation (Fig 11) [105]. 
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Figure 11. Glucagon signalling pathway. Binding of glucagon (Gcg) triggers conformational changes in the 
glucagon receptor (Gcgr) leading to activation of G proteins (Gnas) alpha subunit. Gnas signalling activates 
adenylyl cyclases (Adc) resulting in the production of cAMP and subsequent activation of protein kinase A (PKA) 
pathway. PKA inhibits glycolysis and glycogen biosynthetic pathways and activates gluconeogenesis and 
glycogen degradation pathways, and activates gluconeogenic genes expression. Diagram from the Rat Genome 
Database (https://rgd.mcw.edu), generated using Elsevier/Ariadne Pathway Studio software, used with RGD 
permission [105]. No changes were made. Legends: binding (purple line and circle); regulation (grey square); 
direct regulation (grey circle with cross); extracellular proteins (red ellipse); small molecules (green ellipse); 
ligands (red rhombus); pathway (grey rectangle).  

2.3.5. Glucagon administration 

Exogenous glucagon administration can be made via intranasal administration in powder, 

IV infusion, IM, or SC injections [108]. In general, IV infusion, IM or SC glucagon injections 

are used in case of mild-to-moderate and severe hypoglycaemia. Intranasal glucagon can 

be used to treat severe hypoglycaemia with a similar effect as IM injection and also without 

serious side effects [109, 110]. However, all glucagon formulations may cause side effects 

such as nausea, vomiting, headaches, discomfort at the administration site (nasal 

discomfort, injection place reaction) [111]. A recent study in patients with postbariatric 

hypoglycaemia,  showed that a closed-loop SC glucagon system with additional CGM does 

not produce rebound hyperglycaemia after delivery of up to 2 doses of glucagon (300/150 

µg) [112]. A bi-hormonal closed-loop SC system using a liquid stable glucagon and insulin 
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demonstrated reduced hypoglycaemia during and after exercises compared to single 

closed-loop insulin injection, however, time spent in target range (3.9 – 10.0 mmol/L) was 

not different. Moreover, time in hyperglycaemia was increased compared to a single 

hormone closed-loop SC insulin system (28 % vs 25 %) [113].       

A challenge for glucagon injection or infusion is glucagon`s poor dissolving properties in pH 

neutral solutions [114]. In acidic pH solutions (pH 2.5 – 5), glucagon encounters physical 

and chemical degradation from where peptide cleavage occurs on the C terminal part of 

aspartic acid (Asp21, Asp15 and Asp9). Deamination can form other amino acids. For 

example, glutamine (Gln24) can convert to glutamic acid (Glu24) [115].  In basic pH (pH 9 and 

10), glucagon solutions, deamination can be observed as well as isomerisation and 

oxidation of amino acids [116].  

For medical injections (as glucagon is preserved in a solid powder state), glucagon needs 

to be dissolved in pH from 6.5 to 9.0 – 10.0; unfortunately, the chemical stability is reduced 

[114]. The solubility of the glucagon in the pH neutral solutions can be increased by 

lowering the isoelectric point of the hormone via replacing asparagine-28 with aspartic acid 

or making modifications in the C-terminal part of the molecule [114]. 

A standard glucagon kit contains a syringe with dilute acid or sterile water and 1 mg 

glucagon. Its injection should be immediately after the combination of the powder and the 

dilute. Nevertheless, its high concentration in this standard kit carries a risk of persistent 

post-injection hyperglycaemia. Mini-dose glucagon (150 µg) can prevent hypoglycaemia 

during intense physical activities without any subsequent major hyperglycaemia [117]. 

Therefore, preferably a tailored glucagon dose, based on individual requirements, should 

be used.  

2.4. Glucose – regulator of cellular mechanisms 

Blood glucose concentration is strongly linked to the grade of secretion of insulin and 

glucagon. Glucose enters the β and α cells through the glucose transporter type 1 (GLUT1) 

[118], and in the mitochondria, in the presence of oxygen, it is converted to APT, CO2 and 

water (Fig 12). During hyperglycaemia, intracellular levels of ATP increases while levels of 

ADP decreases. In the β cells, an increase of APT closes KAPT channels. In a chain reaction, 

the cell membrane is depolarized, and Ca2+ channels open. Thus, ultimately stimulating 

insulin exocytosis [119].  

In contrast to the β cells, the α cells require lower APT concentration for closure of KAPT 

channels and opening of Ca2+ channels and glucagon release [100]. During hyperglycaemia, 
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KAPT channels depolarize the membrane to a point where Ca2+ and Na+ channels are inactive 

[120].  

 

Figure 12. Schematic on the glucose-dependent regulation (high glucose levels and low glucose levels) of 
glucagon (α cell) and insulin secretion (β cell). Both regulations are affected by glucose levels and Ca2+ levels, 
as well as K+ and Na+ molecular volume. Reused without modifications from Müller et al. [119]. This figure is 
licensed under an Elsevier and Copyright Clearance Center. 

2.5. Somatostatin and its role in metabolism 

Somatostatin (SST) is a regulatory peptide hormone that consists of at least two bioactive 

forms, SST-14 and SST-28 (numbers represent amino acids in the peptide). SST is produced 

from neuroendocrine, inflammatory, and immune cells, mainly in gastrointestinal D cells, 

hypothalamus and endocrine pancreas. SST-14 and SST-28 are produced in variable 

amounts due to different processing from a common precursor. SST-14 predominates in 

the pancreatic islets and stomach [121], while SST-28 predominates in intestinal mucosa 

cells [122]. 

SST is an inhibitory peptide hormone. It regulates neurotransmission in the brain by 

activating SST receptors which results in an inhibition of adenylate cyclase enzyme activity, 

reduction in intracellular Ca2+ levels, and hyperpolarization of cells by inducing outward K+ 

currents.  SST inhibit the secretion of growth hormone (GH), thyroid-stimulating hormone 

(TSH) [123], GI hormones, such as gastrin, histamine, and acid secretion from parietal cells 
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[124], and more importantly, for the thesis,  pancreatic enzymes, such as insulin and 

glucagon [125].  

SST inhibits the release of virtually every gut hormone that has been tested. In general, it 

inhibits gut exocrine secretion, i.e., gastric acid, pepsin, bile, colonic fluid, and suppresses 

motor activity in the GI tract [126]. On the contrary, it stimulates migrating motor complex 

activity [126]. SST-14 is more potent in inhibiting glucagon release, while SST-28 preferably 

inhibits insulin release [127]. 

2.5.1. Somatostatin secretion 

Pancreatic somatostatin secretion is induced by membrane depolarisation [126]. Nutrients 

exert tissue-specific effects on pancreatic SST release, for example, stimulated by BG level 

increase via membrane potential-dependent and independent pathways [128]. Gut SST 

secretion is stimulated by luminal but not by circulating nutrients (circulating BG levels) 

[129]. Glucagon is one of the potent stimulators of SST release from cells [129]. Insulin, 

however, stimulates hypothalamic SST release but has an inhibitory effect on the release 

of the islet and gut SST [126]. In rat study, measured SST-like immunoreactivity was 65 % 

in the gut, 25 % in the brain, 5 % in the pancreas and 5 % in the remaining organs [130]. 

2.5.2. Somatostatin receptors 

Somatostatin receptors (SSTRs) contain seven transmembrane domain G-protein-coupled 

receptors that comprise five subtypes (SST 1 – 5) with isoforms SSTR 2a and SSTR 2b in 

humans [131]. The five receptor subtypes bind the natural SST peptides – SST 14 and SST 

28. Somatostatin analogue (SSA) octreotide bind well to three of the subtypes – 2, 3 and 5 

[126], while pasireotide bind to four of the subtypes – 1, 2, 3 and 5 [132]. SSTRs are 

expressed in many tissues, frequently as multiple subtypes in the same cells [126].  

Some of the subtypes are coupled to inward rectifying K+ channels (SSTR 2, 3, 4 and 5), to 

voltage-dependent Ca2+ channels (SSTR 1 and 2a [133]), and Na+/H+ exchange channels 

(SSTR 1) [126]. Activated SST 2 and SST 5 receptor combinations inhibit insulin synthesis, 

and SST 1 and SST 2 receptor combinations inhibit glucagon synthesis [134]. Activated 

SSTRs blocks cell secretion by inhibiting intracellular cAMP and Ca2+ channels [126]. 

However, cAMP is a potent activator of the secretion of STT [135]. Thus, SSA works by 

blocking the secretion and release of hormones instead of inhibiting the action of 

hormones [136]. 

In islet cells, receptors SST 1 and 5 are strongly expressed in β cells, with lower expression 

of SSTR 2 and minimal expression of SSTR 3 and 4. SSTR 2 is strongly expressed in α cells, 
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with minimal expression of other SST receptors. SSTR 5 is strongly expressed in δ cells, with 

minimal expression of other SST receptors [137]. 

2.5.3. Somatostatin analogues 

SST is secreted locally to the binding site with a short half-life; thus, decrease unnecessary 

systemic effects [126]. When injected IM or SC, SST analogues need to have a property of 

long-acting release (LAR) for clinical purposes. However, as SSTRs are located on different 

cells, including lymph nodes, tonsils, appendix, spleen, and thymus [138], SST analogues 

affect various aspects of the metabolism before reaching the target cells (in this case, α 

and β cells). However, SSTRs are differentially sensitive to the SST analogues [127]. Due to 

somatostatins wide variety of inhibition of secretory properties, its analogues are used in 

diverse clinical situations. Octreotide [139] and lanreotide [140] are used in patients with 

neuroendocrine tumours as these tumours have an increased amount of somatostatin 

receptors, i.e., STTR 2a in meningioma [141], and their metastases are somatostatin 

receptor-positive. Thus, SST analogues suppress the growth rate of tumorous cells [142]. 

Octreotide and pasireotide are used in the treatment of patients with acromegaly [143].  

Another ability of somatostatin analogues is their inhibition of pancreatic enzyme secretion 

[136]. Accordingly, octreotide and pasireotide are widely used in scientific experiments as 

insulin suppressive drugs, because pasireotide has a high binding affinity for SSTR 2, 3 and 

5 [144]. Octreotide has a strong glucagon secretion inhibitory effect that is not observed 

during the use of pasireotide [144].  

2.6. Diabetes mellitus  

The first description of diabetes is cited back in 1552 BC, while the first connection between 

diabetes and the pancreas was made as late as in the 1870s [31]. Later on, different types 

of diabetes have been identified. 

Based on clinical care, there are four main types of diabetes:  

Diabetes mellitus type 1 (DM1), that is a chronic autoimmune disease characterised by 

insulin deficiency following hyperglycaemia.  

Diabetes mellitus type 2 (DM2), when insulin is produced, but the effect on glucose 

homeostasis is reduced (insulin resistance), or insulin production is decreased [18]. DM2 

comprises 90% of people with diabetes around the world and is to a substantial degree 

related to physical inactivity and excess body weight [3], and a high carbohydrate diet. 

Gestational diabetes mellitus (GDM) can occur during pregnancy when some of the 

produced hormones show a blocking effect on insulin and increase insulin resistance [6]. 

This type of DM is a temporary condition that resolves after pregnancy. 
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Maturity-onset diabetes of the young (MODY) is diabetes caused by a monogenic disorder 

with a mutation in the autosomal dominant gene disrupting insulin production [145]. 

The thesis is focused only on patients with DM1 and its current treatment methods. 

2.6.1. Diabetes mellitus type 1 

DM1 patients suffer from an auto-immune disorder that destroys the pancreas β cells, and 

the patients are subsequently depleted of insulin, a hormone essential for the regulation 

of BG levels [146]. Typical symptoms of DM1 are the so-called 3-P: Polyuria (excessive 

micturition), Polydipsia (excessive thirst) and Polyphagia (excessive appetite). When a 

severe insulin deficiency is present, the assimilation and storage of glucose in muscle, 

adipose tissues, and the liver are extremely diminished. Non-existing glycogenesis induces 

an accumulation of glucose in the blood, and, consequently, the extracellular osmolarity 

increases [147]. In response to this osmotic pressure, intracellular water is depleted, and 

osmotic diuresis is promoted [148]. In the end, if untreated, life-threatening diabetic 

ketoacidosis will develop [149]. Therefore, it is crucial to diagnose DM1 and start treatment 

(insulin administration) instantly. 

DM1 is a lifelong disease, with additional possible complications such as microvascular 

diseases, nephropathy [150], retinopathy [151], coronary artery diseases [152], tissue 

stiffness [153], and increased mental stress [154].  

One of the crucial goals is to stabilize and maintain normal range BG levels. The most used 

method for self-monitoring is capillary blood testing of blood glucose (SMBG). In recent 

times, continuous glucose monitoring (CGM) or flash glucose monitoring has become 

available for adolescent [155] and adult [156] patient’s use in addition to or instead of 

SMBG [157]. These last generation CGM systems are less painful and provide continuous 

real-time information on actual BG levels. 

2.6.2. Glycaemic control and complications 

In general, glucose is the only fuel for the brain and red blood cells. Other tissues are able 

to utilise other fuel sources. However, reduced or elevated BG levels can create permanent 

tissue damage. Therefore, to keep glucose levels in the desired normal range during the 

day (3.9 – 7.5 mmol/L) is crucial to avoid long term adverse effects of DM1 [158].  

Sudden BG level elevation, e.g. during oral glucose load (meal), IV glucose administration, 

or intraportal glucose administration, activates hepatic glycogen synthesis (HGS) [159]. The 

most effective stimulation of HGS is by oral glucose administration because the flow in the 

portal and hepatic vein do only increase after oral glucose administration [160]. Thus, the 
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most appropriate test to measure body response to increased BG levels is an oral glucose 

tolerance test (OGTT). 

In DM1, BG levels are not automatically corrected via a physiological release of endogenous 

insulin from the pancreas, and BG levels increase and do not return to the basal levels after 

2 hours. In patients with DM1, endogenous insulin production is missing, while hepatic 

glucose production and release are present, which leads to hyperglycaemia [68]. Thus, 

additional BG level measurements are compulsory, and additional exogenous insulin 

administration necessary for correction. Considering necessary manipulations, maintaining 

constant BG level is challenging. 

Hyperglycaemia, diabetic ketoacidosis 

Hyperglycaemia with BG levels above 10 mmol/L two hours after a meal, over time, can 

induce a toxic effect on β cells and produce free oxygen radicals (FOR). Prolonged 

hyperglycaemia can, by increased levels of FOR, induce damage in inside organs, such as 

the liver, kidneys, and brain, and can increase cardiovascular and neurological 

complications [150, 161]. 

In the absence of insulin in DM1 patients, glucose levels will increase and lead to diabetic 

ketoacidosis (DKA) within a few hours [162]. DKA can be predeceased by insulin pump 

failure of any situation with under-delivery of insulin [163] or illicit drug use or increased 

need of insulin caused by infection [164]. New onset and yet undiagnosed DM1 is also a 

classic cause of DKA [165]. 

DKA can be diagnosed by three criteria: D – high glucose concentration (BG > 11 mmol/L); 

K – the presence of ketones in serum or urine; and A – confirmation of acidosis (pH < 7.3, 

and serum bicarbonate > 10 (not measured in all countries) [162]. Untreated DKA can lead 

to hypokalaemia [165], cerebral oedema [166], pulmonary oedema [167] or damage of 

organs due to loss of fluids [168]. If untreated, cardiac arrest and death from DKA are 

inevitable. 

Sometimes in DM1 patients, but more common in patients with DM2, high BG levels can 

induce a hyperglycaemic hyperosmolar state (HHS) with severe hyperglycaemia and mild 

or no ketosis [169]. HHS induces glycosuria, resulting in hyperosmolarity and dehydration, 

and can cause diabetic coma and death [170]. 

Hypoglycaemia 

A common definition of hypoglycaemia is not established as in most cases, self-monitored 

hypoglycaemia is in general obtained based on symptoms [171]. This late observation can, 

in a short time, lead to severe hypoglycaemia [172].  
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Hypoglycaemia with BG level < 3.9 mmol/L is a common and a potential side effect of 

intensive treatment of DM1 in order to achieve the best possible glucose control. It has 

been estimated that 4 % to 10 % of deaths of patients with DM1 are associated with 

hypoglycaemia [173]. In one six-day study, three-quarters of the participants (n = 153) 

experienced asymptomatic hypoglycaemic events due to reduced hypoglycaemia 

awareness [174]. Signs of hypoglycaemia can be neuroglycopenic symptoms, such as 

concentration problems, confusion, sweating; or adrenergic symptoms, such as shakiness, 

fast heartbeats, hunger, dizziness, anxiety or nervousness or headache, irritability or 

moodiness [175]. 

Severe hypoglycaemia 

Severe hypoglycaemia is when a person cannot take care of themselves due to the low BG 

level, and the help of a third person is needed. If not attained, it can develop into a 

hypoglycaemic coma, cardiac arrest and death [172]. Also, severe hypoglycaemia increases 

the risk of cardiovascular diseases [176] and all-cause mortality, especially during 

subsequent months after the event [177]. Noteworthy is that predictive factors of severe 

hypoglycaemia are decreased HbA1c in the last three months and prior severe 

hypoglycaemia episodes [178]. Common signs of severe hypoglycaemia are muscle 

weakness, clumsiness, inability to eat or drink, slurred speech, confusion, drowsiness, 

convulsion, unconsciousness or death [175], and hypothermia [179]. 

2.6.3. Exogenous insulin and analogues  

History 

The administration of insulin as a treatment of diabetic started on January 23, 1922, when 

in Canada Frederick Banting and Charles Best, after intense experimental work and 

purification of insulin, injected bovine insulin from pancreatic extractions in a 14-year-old 

boy close to dying from diabetes in a Toronto hospital. After multiple daily injections, BG 

level decreased, and glycosuria was reduced. In April 1922, the Toronto team published the 

paper and gave the name ‘insulin’ to the substrate that was injected [180].  

On August 19, 1922, Eli Lilly and Co started the first shipments of extracts of pork 

pancreases. With the permission of the University of Toronto, by the end of 1923, the non-

profit Nordisk Insulin laboratory was in the production of insulin [181]. From 1922 to 1972, 

the only available insulins were purified from porcine and bovine pancreases [180]. 

However, during the same period, insulin administration was in fast development. In 1949 

the first standardized insulin syringes became available, and in 1963 the first insulin pumps 

were introduced. 
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In 1975, by using recombinant DNA technique, human insulin was produced by bacteria 

[31]. With genetic engineering, it became possible to produce human insulin analogues 

instead of insulin produced or extracted from other species. After these breakthroughs, 

exogenous insulin analogue production is expanded by producing different acting insulin 

analogues (Table 2). 

Insulin Onset Peak (h) Duration (h) 

Rapid-acting 
    Regular, human 
    Semilente 
    Lispro (Humalog) 

30 – 60 min 
30 – 60 min 
5 – 15 min 

2 – 4 
4 – 6 
1 – 2 

8 – 10 
8 – 12 
4 – 6 

Rapid-acting analogues 
Aspart (Novolog) 
Glulisine 

5 – 15 min 
5 – 15 min 

1 – 2 
90 min – 2 h 

4 – 6 
~8 

Intermediate-acting 
    Lente 
    Isophane/NPH 

2 – 4 h 
1 – 2 h 

6 – 10 
4 – 8 

12 – 24 
10 – 20 

Long-acting 
    Ultralente 
    Protamine zinc 

2 – 4 h 
3 – 4 h 

Unpredictable 
14 – 20 

16 – 36 
24 – 36 

Long-acting analogues 
    Glargine 
    Detemir 

1 – 2 h 
2 h 

No pronounced peak 
No pronounced peak 

~24 
20 for dose > 0.4 U/kg 

Ultralong-acting analogues 
    Degludec 30 – 90 min No pronounced peak ~24 
Premixed human insulin 
    NPH/R 70/30 
    NPH/R 50/50  

30 – 60 min 
30 – 60 min 

2 – 12 
2 – 12 

24 
24 

Premixed analogues 
    Protamine aspart/aspart 70/30 
    Protamine lispro/lispro 75/25 

15 min 
15 min 

1 – 3 
0.5 – 1.5 

24 
24 

Table 2. Pharmacokinetics of available insulins. For use in CSII systems or SC injections. Adapted from Davidson 
JA et al. 2004, with permission from Taylor & Francis and Copyright Clearance Centerˈs Rights Link service. With 
additional information from Hilgenfeld et al. [182]. Abbreviations: NPH, Neutral protamine Hagedorn; R, 
regular. 

Insulin analogues 

Regarding exogenous insulin administration in patients with DM1, it is essential to 

understand endogenous insulin secretion, explained in section 2.2. Ideally, exogenous 

insulin analogues should mimic physiological endogenous insulin secretion. Essential 

amino acids that are critical for the stability and functionality of insulin were mentioned in 

section 2.2.3. Amino acids B26 – B30 are not particularly crucial to the insulin structure and 

are not particularly essential for IR recognition and binding to it. Thus, they can be used for 

structural modification to change insulin's pharmacokinetics and pharmacodynamics 

(Table 2, Fig 13, Fig 14) [40]. The downside is that amino acid region B26 – B32
 in the insulin 

molecule is vital for IGF-1R binding [183]. 
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As demonstrated in Table 4, there are significant pharmacokinetic differences between 

available insulins. In general, rapid and long-acting insulins are used together: rapid-acting 

insulin (RAI) is preferably provided before meals, while long-acting insulin covers a 

continuous basal rate of insulin. Regular insulin can increase hypoglycaemic events due to 

late peak time (2 – 4 hours) [184]. However, all pharmacokinetics are measurements from 

SC insulin administration and do not imply information about pharmacokinetics from IP 

insulin administration. We set out to confirm the pharmacokinetics of IP delivered insulin 

in one of the papers included in the thesis (Paper II). 

  
Figure 13. Fast-acting insulin analogues. Lispro (A), aspart (B), glulisine (C) structure. Schematic drawings made 
by Ilze Dirnena-Fusini. Abbreviations: Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys, 
cysteine; Gln, glutamine; Glu, glutamic acid; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; 
Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Tyr, tyrosine; Val, valine. 

 

Figure 14. Long-acting insulin analogues. Glargine (D), detemir (E), degludec (F) structure. Myristic acid – a 
saturated long-chain fatty acid with a 14-carbon backbone. Schematic drawings made by Ilze Dirnena-Fusini. 
Abbreviations: Ala, alanine; Arg, arginine; Asn, asparagine; Cys, cysteine; Gln, glutamine; Glu, glutamic acid; 
Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Phe, phenylalanine; Pro, proline; Ser, serine; 
Thr, threonine; Tyr, tyrosine; Val, valine. 
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2.6.4. Insulin administration 

Intravenous 

In case of hyperglycaemia, as an acute treatment for ketoacidosis, insulin administration 

can be administered intravenously to reassure its direct bioavailability in an urgent insulin 

depleted clinical situation [185]. However, intravenous (IV) insulin administration is too 

complicated on a daily basis and is not used for the long-term treatment of patients with 

DM1. 

Intramuscular  

Intramuscular (IM) insulin administration can be used as an alternative if other insulin 

administration routes are not effective [186]. IM insulin administration is associated with 

increased pain during the administration [187]. However, one study found that IM insulin 

injection can lead to faster insulin absorption without increased pain level [188]. It can be 

speculated that some patients with DM1 and low body mass index (BMI) occasionally inject 

their insulin (via insulin pen or syringe) IM and not into the SC tissues [189].  

Subcutaneous 

The SC insulin administrations are widely used and by far the most commonly practised 

administration route, with administration in the abdomen, upper arm and thigh [189]. 

There are two ways to administer insulin via the SC route: 

1) By multiple daily (SC) injections (MDI) using syringes or insulin pens. 

2) By continuous SC insulin infusion (CSII) by an insulin pump (open-loop insulin delivery 

system) or an automated closed-loop insulin delivery system (based on SC glucose sensing 

and SC insulin delivery). 

CSII has a significant advantage compared to MDI regarding a lower HbA1c and a lower risk 

of severe hypoglycaemia [190]. Insulin pump systems provide accurate insulin delivery with 

more flexible insulin administration than syringes and insulin pens [191].  

Many patients using CSII calculate carbohydrates that will be consumed during the next 

meal and subsequently calculate the next insulin dose to be administrated via an insulin 

pump. Thus, insulin dose is tailored according to patient input. CSII is mainly used in 

developed countries due to the costs of maintenance and regular change of insulin 

catheters [156]. Rapid insulin pump development and supportive government actions 

worldwide increase the opportunity to provide better healthcare for children [155] and 

adults with DM1 [156]. 
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The goal of an automated closed-loop insulin delivery system, known as a fully automated 

AP, is to mimic endogenous insulin secretion and to achieve and maintain non-diabetic BG 

levels (3.9 – 7.5 mmol/L). Currently, hybrid closed-loop controllers with wireless SC glucose 

sensors and insulin pumps are available (Fig 15). The challenge with this concept for an AP 

is that patients need to count carbohydrates and provide input regarding planned specific 

activities [192]. Fully automated APs are automated insulin delivery systems that calculate 

insulin dose based on received data from CGM and adjust basal insulin infusion rate 

accordingly via a specific algorithm for patients with DM1. A closed-loop system has 

advantages over an open-loop system by increasing BG time spend in the target range [29, 

193]. However, at present, the target range BG levels in APs is far broader than in non-

diabetics – from 3.9 to 10.0 mmol/L [194]. 

CSII carries a slight but relevant risk of ketoacidosis, mainly due to malfunction of insulin 

pump and/or catheter occlusion [195]. In recent years, the technology of insulin pumps 

and infusion sets has improved [196]. However, after SC insulin administration, insulin 

forms depots in the SC tissues [197] and increase insulin molecule aggregation. This 

influences the rate of insulin absorption with a day-to-day variation in the same subject 

and variation between patients. In cases of high volumes of boluses, administration can be 

painful [198]. The major disadvantage of SC insulin administration is the slow and 

sometimes unpredictable glucose-lowering effect of insulin due to inconsistent 

pharmacokinetics [199].  

In summary, pharmacokinetics and pharmacodynamics of SC insulin delivery are affected 

by volume, concentration and additives of administered insulin solution, as well as 

differences in anatomical regions, tissue locations and local factors at the site of injection 

(see section 2.6.5.).  
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Figure 15. CSII system and CGM. Insulin pump (this particular is MINIMED® 640G) is wirelessly connected to 
CGM; thus, helps to ensure more accurate dosing by calculating dose based on circulating insulin levels, blood 
glucose levels, planned meal and personal insulin settings. Picture is reused from Medtronic website: 
https://www.medtronic-diabetes-mena.com/en/life-with-diabetes/managing-hypoglycaemia/insulin-pump-
potential-solution with permission from Medtronic. 

Intraperitoneal 

The continuous IP insulin infusion (CIPII) is mainly used in patients with brittle DM1 if SC 

insulin administration does not improve and stabilise BG levels. It is also the therapy of 

choice in DM1 patients with severe SC insulin resistance.  

Two ways for the location of the insulin pump system have been used:  

1) Externally attached insulin pump with a catheter inserted via an abdominal port into the 

IP space for insulin delivery. 

2) Implantable pump system inserted into a pocket of tissue directly under the skin and 

delivers insulin via an attached catheter into the IP space (Fig 16, Fig 17).  

 

Figure 16. CIPII using an implantable pump (left) and the externally attached CIPII system (right). Figure 
reused without modifications from van Dijk et al. [200]. 
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Figure 17. Illustration of the implantable pump system with catheter inserted into the IP space. Figure reused 
without modifications from van Dijk et al. [200]. 

IP insulin infusion provides many benefits compared to SC insulin infusion. For example, 

after a change of insulin type and infusion route, closed-loop fully automated IP AP 

(Insuman, regular U 100 insulin) increases time spent in the BG target range compared to 

closed-loop SC AP system (Humalog, RAI analogue) [201]. The use of two different types of 

insulins can produce a bias compared to two insulin administration systems. Because, after 

regular insulin is administered subcutaneously, post-prandial BG levels and HbA1c levels 

are higher compared with the use of RAI analogue [202]. 

With the CIPII system, insulin is infused in the IP space, where it is absorbed via the 

capillaries of the visceral peritoneum into the portal vein [203, 204]. IP insulin 

pharmacokinetics depend on the volume, concentration of the dose, and injection time 

[205]. In one study, the insulin peak into the portal vein was measured within 20 minutes 

after administration [204]. Another study measured insulin peak into the systemic 

circulation within 30 minutes after insulin bolus (1.92 U, 3 mL) and within 40 minutes after 

smaller volume (1.92 U, 0.6 mL) insulin bolus [205]. After insulin infusion over 30 minutes 

(1.92 U, 3 mL), the insulin peak into systemic circulation was reached at 50 minutes [205]. 

Due to the absorption into the portal vein, there is a higher uptake into the liver and higher 

first-pass liver insulin extraction. Thus, lower systemic insulin levels are reached compared 

to the SC insulin administration [203, 206]. 

Intraperitoneal insulin administration is an invasive treatment, and the risk of obtaining 

infection is significant, most likely due to skin microflora [207]. In the last decade, due to 

improved technologies and clinical equipment, a reduction in complications during CIPII 

treatment has been achieved; the most common complications are catheter occlusion, 

pump dysfunction, pain at the pump site and infection [208]. 
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2.6.5. SC Insulin absorption 

As discussed in the previous section, the most common route for insulin delivery is the SC 

route, where insulin is injected or infused through the skin into the SC layer. 

The skin is made of three layers: epidermis, dermis and hypodermis (SC fat layer) [209]. 

The epidermis (transdermal layer), the site for SC insulin delivery, contains four cell-type 

layers:  

1) Squamous cells that constitute the outermost layer, also called a stratum corneum 

(keratin layer). It serves as a protective outer layer. 

2) Stratum granulosum, a granular cell layer that contains several layers of lipid-rich granule 

cells. In this layer, cells become mitotically inactive as they lose their nuclei before they 

enter the stratum corneum. 

3) Stratum spinosum, the thickest layer of all epidermis. It contains several layers of 

keratinocyte cells connected by desmosomes; thus, allowing tight bounding between cells.   

4) Stratum basale, basal cells that are located under the keratin layer are mitotically active, 

contain melanocytes, i.e., produce melatonin, and stem cells [210].  

The dermis (intradermal layer) is the middle layer of the skin. It contains blood vessels, 

lymph vessels, hair follicles, sweat glands, collagen bundles, fibroblasts, nerves, and 

sebaceous glands. The dermis is supported by the protein collagen that provides flexibility 

and strength to the skin. The structure of the dermis offers skin support and protection of 

the deeper anatomical structures.  

The hypodermis (SC layer) is the deepest layer of the skin. It is located between two skin 

layers and muscles. It consists of collagen and adipose tissue composed of fat lobules, 

elastin, glycosaminoglycans, and blood and lymph vessels (Figure 18). 



2. Background 

34 
 

 
Figure 18. Human skin layers and extracellular matrix. Reused with minor modifications from Wasserman et al.  
[209] with permission from Springer Link. Extracellular matrix (ECM) is located in the SC tissues and is a barrier 
to SC insulin delivery. 

An insulin SC injection can be inaccurate, as it can be injected in the deepest layers of the 

dermis, in the SC tissues or the muscle. Insulin absorption and activity from SC injections 

can be delayed due to obesity [211]. Adipose tissues are supported by collagen in the 

extracellular matrix (ECM). An increased amount of SC adipose tissue (SCAT) increases 

collagen expression and reduces the number of capillaries [212].  

Insulin injected in SC tissue is distributed between the layers of the fat cells and ECM. Fat 

cell size vary between non-obese and obese individuals and within each individual. Obese 

individuals have larger fat cells than non-obese individuals. The size of the fat cells can vary 

in different SC fat depots [213]. The fluid between fat cells is 10 % of the volume of the SC 

tissue [214]. Injected insulin does not necessarily spread isotropically in the fat tissue. 

However, in most cases, it is a preferred direction. Insulin distribution varies from time to 

time, and as cellular density is similar in the dermis and SC tissues, it can spread in the 

dermis as well; thus, increasing variability of the insulin activity [215]. 

Another factor influencing the SC insulin absorption is insulin oligomers injected. As 

mentioned before, insulin`s active form is a monomer. To increase insulin stability, insulin 

is injected mainly as hexamers where zinc needs to be present, as well as phenol and /or 

phenol-like substances [214]. When insulin is injected into SC tissue, lipophilic substances 

such as zinc, phenol, and phenol-like substances disperse away from insulin into the 

adipose tissue; thus, allowing insulin to dissociate into dimers and monomers [199]. 

In DM1, SC insulin delivery can be affected by various factors: SC blood flow, injection site 

(abdomen, arm, thigh, buttocks), administration route (SC or IM), BG levels, 
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lipohypertrophy, skin temperature, local degradation, local massage, diabetes 

comorbidities and complications (oedema), obesity (insulin resistance), exercises and 

activity level (exercises accelerate insulin absorption), smoking (delays absorption), and 

body position (sitting position delays absorption) (summarised in [199]).    

Peritoneum 

The peritoneum is much thinner than skin and provides better fluid movement through the 

tissues. More details read in section 2.7.   

2.7. Peritoneal cavity 

The peritoneal cavity is classified into three parts: an intraperitoneal, retroperitoneal and 

subperitoneal part. Organs that line the intraperitoneal cavity are usually mobile compared 

to the usually fixed (to the posterior abdominal wall) organs that line the retroperitoneal 

cavity [216]. The subperitoneal part lines all the abdominal pelvic organs and their 

associated vessels, lymphatics, and nerves, and it is separated from the peritoneal cavity 

by the peritoneum [217]. The peritoneal cavity does not contain organs and is a potential 

space between the visceral and parietal layers of the peritoneum [217, 218].  

2.7.1. Peritoneum 

2.7.1.1 Anatomy 

The peritoneum is an extensive serous membrane, which is essential for maintaining intra-

abdominal homeostasis and protection of the abdominal organs. The visceral peritoneum 

covers visceral organs, e.g. the stomach, spleen, liver, first and fourth part of duodenum, 

jejunum, ileum, colon transversum, and colon sigmoideum, while the parietal peritoneum 

lines the abdominal wall (Fig 19) [219]. The peritoneum is the largest serous membrane 

with a surface of 13 000 – 15 000 cm2 in adults [220], approximately the surface area of 

skin (15 000 – 20 000 cm2). The visceral peritoneum accounts for about 70 % of the total 

peritoneum surface, while the parietal peritoneum accounts for about 30 % of the 

peritoneum surface [221]. 
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Figure 19. Sagittal view of abdominal cavity. TC, transverse colon, SI, small intestine, SC, sigmoid colon. Red 
marks line all the peritoneum. Reused with minor modifications from Isaza-Restrepo et al. [222]. 

The peritoneum is a 3-layer structure: a mesothelial cell layer, a basal lamina and 

submesothelial stroma (Fig 20). Sometimes peritoneum is defined as a monolayer of 

mesothelial cells [223]. In some descriptions, it is structured into the 3-layers [224]. In this 

thesis, it is important to understand peritoneal fluid circulation into and from the 

peritoneal cavity. Therefore, the 3-layer structure definition is used to describe the 

peritoneum. 

The mesothelial cells are metabolically active cells that are crucial in maintaining serosal 

homeostasis [225]. The mesothelium is the innermost monolayer of the peritoneum [225]. 

The mesothelial cells possess a system of intracellular vesicles, including the formation of 

granules containing secretory products [226]. At the apical surface of mesothelial cells, i.e., 

pointing into the peritoneal cavity, a considerable amount of microvilli and occasional cilia 

are present [226], coated with glycocalyx [225]. Thus, this monolayer provides a slippery 

non-adhesive surface through the production of phospholipids and surface glycocalyx to 

protect surface during intracoelomic movement [227]. During peritoneal dialysis, 

mesothelial cells may be mechanically damaged, and during an extended period of time, it 

will promote peritoneal fibrosis [228].  
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Mesodermal cells have a mesodermal origin and possess both epithelial and mesenchymal 

features [218]. These cells can lose their epithelial characteristic and become more 

mesenchymal, for instance, in the presence of tumour cells [229]. The boundaries between 

mesothelial cells are often overlapping each other. Thus, they have well developed cell-cell 

junctional complexes. Tight junctions are essential for developing cell surface polarity and 

establishing and maintaining a semipermeable diffusion barrier. Adherent junctions are 

thought to form the cell layer's structural and adhesive support, and gap junctions are 

aqueous intercellular channels [227]. 

The basal lamina supports mesothelial cells. It consists of a layer of extracellular matrix and 

is less than 100 nm thick [226].  

The peritoneum is supported by the submesothelium, which consists of connective tissue 

[220]. The submesothelium varies in its density, being thinner in the areas with possible 

expansion (e.g. a lower abdominal wall) and thicker in more fixed areas (e.g. pelvic fascia) 

[224]. 

The submesothelial stroma consists of the extracellular matrix made up of different types 

of collagen, glycoproteins, glycosaminoglycans and proteoglycans. Vascular structures and 

lymphatic vessels are located in the subserous space. Diffusion and resorption of fluid 

move freely through the mesothelium and submesothelial stroma [219]. 

 
Figure 20. Schematic representation of the peritoneum. Mesothelial cells are linked by intercellular junctions, 
including tight junctions, gap junctions and desmosomes. Basal lamina supports mesothelial cells is < 100 nm 
thick and consist of an extracellular matrix (collagen type IV and laminin). Submesothelial stroma provides 
support to the mesothelial cell layer. Reused without modifications from Kastelein et al. [230], licensed under 
an Elsevier and Copyright Clearance Center.  
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The peritoneum forms a double-layered fold – the omentum – connecting the stomach to 

adjacent organs and supporting a structure within the peritoneal cavity [218]. The 

peritoneum folds form the greater and lesser omenta. The greater omentum is composed 

of a double layer of peritoneum that loosely hangs down from the greater curvature of the 

stomach and the proximal part of the duodenum before curving back superiority to attach 

to the colon transversum [216]. The lesser omentum, made of two contiguous components 

called the gastrohepatic and hepatoduodenal ligaments, attach the stomach and proximal 

duodenum to the liver [218, 231]. The submesothelial stroma in the omental peritoneum 

contains adipose tissue, capillaries, and isolated bundles of large vessels [232]. 

The peritoneum forms another double-layered fold – mesentery – it contains multiple 

mesenteries: the small-bowel mesentery, mesoappendix, transverse and sigmoid 

mesocolon, and mesorectum [223]. These mesenteries are interrelated and represent a 

single large contiguous peritoneal structure that attaches the intestines to the posterior 

abdominal wall [233]. The mesentery contains blood vessels, lymphatics and nerves that 

supply and drain the intestines [218].  

The inferior part of the parietal peritoneum covers the anterior abdominal wall, below the 

umbilicus, and is raised in many varieties of folds: the median, medial and lateral folds 

[230]. In men, the peritoneal cavity is closed, while in women, it forms a deep supportive 

parallel fold over the entire length of the fallopian tubes [226] and connects with the 

extraperitoneal pelvis exteriorly through the fallopian tubes, uterus, and vagina [218].  

2.7.1.2 Physiology 

A small volume of fluid separates the peritoneum's parietal and visceral layers. In the 

peritoneum, small sections with extra fluid can be found in healthy people [234]. The 

mesothelium acts as a semipermeable membrane that regulates fluid and cells transport 

across the peritoneum [225]. The peritoneal microcirculation is located in the 

submesothelial layer; blood flow to the parietal peritoneum is provided by arteries of the 

abdominal wall and pelvic parietal, while blood flow to the visceral peritoneum comes from 

the mesenteric, coeliac and visceral pelvic arteries. Venous blood from the parietal 

peritoneum drains into the inferior vena cava, whereas venous blood from the visceral 

peritoneum drains into the portal vein [230]. The parietal peritoneum is sensitive to 

pressure, pain, temperature, and laceration, while the visceral peritoneum is not exposed 

by these sensations but is sensitive to stretch and chemical irritation [235]. 

2.7.2. Peritoneal fluid 

There is no common knowledge about the volume of peritoneal fluid. In the literature the 

volume vary between 5 – 20 mL [226], 50 – 100 mL [234], and to 100 mL [217]. Some 
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authors state that the exchange of peritoneal fluid occurs at a rate of approximately 5 

mL/24 hours [224], while other literature states that approximately one litre of peritoneal 

fluid is produced daily [226, 236]. For certain, it is known that peritoneal fluid contains 

water, electrolytes, immunoglobulin, complement, coagulation factors, proteins and cells 

[224]. Peritoneal fluid is transferred through a specific intra-abdominal circulation from the 

lower abdomen to the upper abdomen and then returns to the lower abdomen. This 

circulation is driven by respiratory movements, resulting in an upwards flow and gravity, 

resulting in the downward flow [226].  

2.7.2.1. Transperitoneal particle transfer  

Particle transfer occurs from the peritoneal cavity through the mesothelium into the 

submesothelium and capillaries distributed in the interstitium surrounding the cavity [237]. 

There are six regions of resistance to moving solutes and water across the peritoneum from 

capillaries to the peritoneal fluid: 1) the capillary fluid film, 2) the capillary endothelium, 3) 

the endothelium basement membrane, 4) the interstitium, 5) mesothelium, and 6) fluid 

film (Fig 21).  

 

Figure 21. Six layers of the peritoneum. Capillary fluid film: Overlays the endothelium of the peritoneal 
capillaries; Capillary endothelium: Thin layer of cells that lines the interior wall of the capillary; Endothelial 
basement membrane; Interstitium: A gel-like matrix containing the peritoneal capillaries, some lymphatics, 
collagen and other fibers; Mesothelium: contains microvilli and produces a thin film of lubricating fluid; Fluid 
film: Stagnant fluid that overlies the peritoneal membrane. Figure courtesy of the Advanced Renal Education 
Program®. https://advancedrenaleducation.com/wparep/article/anatomy-of-the-peritoneum/ Downloaded 
February 2021.  

Fluid movement from the peritoneal cavity to the capillaries and then into the veins is 

described as a three-pore theory of membrane permeability (Fig 22) [238]: 

1) Transcellular pores (Aquaporin 1; water channels), with pore radius less than 0.8 nm (< 

8 Å), compose less than 1 – 2 % of all pores; Water filtration happens with dominantly 

osmotic pressure.  
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2) Small pores, with a radius of 4.0 – 6.0 nm (40 – 60 Å) compose 90 – 93 % of the total 

pore area. Particles smaller than 2.5 nm (25 Å), such as glucose, urea, creatinine, sodium, 

potassium, in association with water, cross the peritoneal membrane with the force of 

hydrostatic and osmotic pressure. 

3) Large pores, with a radius of 20.0 – 40.0 nm (200 – 400 Å) compose 5 – 9 % of the total 

pore area. Particles more than 4.0 nm (40 Å), such as glucagon, insulin and other proteins, 

cross the membrane with, dominantly, hydrostatic pressure [237, 238].  

 
Figure 22. Simplified representation of the three-pore model of peritoneal membrane. This figure is licensed 
under an Elsevier and Copyright Clearance Center. Reused without modifications from Flessner MF [237].  

2.7.3. IP hormone delivery 

Regarding treatment, the IP cavity is mainly used for peritoneal dialysis, i.e., exchange of 

solutes and water between blood in the peritoneal capillaries and the intraperitoneal fluid, 

where the peritoneum is used as dialysis surface [239]. Peritoneal dialysis is driven by the 

additional osmotic force from glucose [240] or icodextrin concentration [241]. 

In the last decades, the IP cavity also is used to infold broad-spectrum drugs whose target 

organs are located in the vicinity of the peritoneal cavity, e.g. drugs for cancer treatment 

[242], gonadal drugs [243], glucagon [244] and insulin [245] for diabetes treatment, and 

diabetes-inducing streptozotocin [246].  

CIPII is used as the last treatment option for patients with DM1 who struggle to manage 

BG levels in the desired range and who has repeated severe hypoglycaemic and/or severe 

hyperglycaemic events due to unawareness of hypoglycaemia and hyperglycaemia, with 

HbA1c levels above 8 % [201, 247] or SC insulin resistance, lipoatrophy or skin disorders 

associated with SC insulin delivery [248]. The insulin pump itself, IP catheter insertion, and 

maintenance (filling and rinsing) are expensive. In the year 2010, it was 11 000 EUR per 

year (approximately 111 000 NOK) [249]. In 2021, the new Accu-Chek Diaport system, with 
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maintenance included, cost 250 000 NOK per two years if no additional complications occur 

during the period (information acquired from personal communication). CIPII treatment, 

provided by the DiaPort system specifically for IP insertion, is used by a small number of 

patients and in most cases, patients are included in trials. The CIPII carry a risk of 

hyperglycaemic events due to insulin under-delivery, pump pocket infection, and skin 

erosion [247]. However, not all studies observe pump or catheter malfunctions [250]. 

Overall, most studies observe a lowering of HbA1c levels and improved pharmacokinetics 

and pharmacodynamics of insulin. The benefits of the CIPII will be discussed in the 

Discussion, as well as in the Paper I.  

IP Glucagon administration is explored only in a few rat [251, 252] and mice [253] studies, 

including some animal trials performed by the APT research group, described in this (Paper 

III)  and a previously published thesis [254]. Before our experiments, we experienced a lack 

of information regarding IP exogenous insulin pharmacokinetics. Previously published 

reports contained wide time gaps between measurements. Thus, crucial information, such 

as time till maximum concentration, minimum time of decline, etc., was missing.  

Loxham et al. observed advantages of insulin absorption from the IP cavity, for instance, 

more rapid hepatic glucagon extraction as compared to SC delivered insulin. The authors 

agreed that their first measured time point (20 min) probably not represented the correct 

blood glucose decrease which theoretically could be even larger [251]. This limitation was 

not mentioned in the study by Zlotnik et al. [252], and possibly, their first measured BG 

level at 30 minutes did not represent actual glucagon pharmacodynamics. Summarising all 

available information, we did not have valid information to compare with our data. 

Therefore, we decided that our animal studies in rats (Paper III) and pigs [255] should form 

the basis for our future research of IP glucagon pharmacokinetics and pharmacodynamics.  

2.7.4. IP insulin absorption 

Preliminary insight into the insulin absorption from the peritoneal cavity was presented in 

section 2.7.2.1. The present section will focus on the mechanism of IP insulin absorption 

and factors that can affect it. 

The mesothelial layer contains three different kinds of pores that allow particles to 

circulate in and out of the peritoneum. Insulin in the submesothelial layer experience 

similar challenges as in SC tissue. Thus, both ECM and adipocytes affect insulin absorption 

into the capillaries located in the submesothelium. Preadipocytes in the submesothelium 

differentiates into large adipocytes, while SC preadipocytes differentiate into small and 

large adipocytes [256]. The distribution between small and large adipocytes are influenced 

by obesity. Small adipocytes are more insulin sensitive while large adipocytes are insulin 
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resistant [213]. Thus, obesity has an extensive impact on insulin absorption in IP 

submesothelium and less in SC tissues. 

2.7.5. Insulin resistance  

In abdominal obesity, fat is located in two separate sites, in SCAT and visceral adipose tissue 

(VAT). VAT, compared with SCAT, is more vascular and contains more inflammatory and 

immune cells and more large adipocytes [78]. VAT adipocytes are located in the greater 

and lesser omentum and mesenteric fat [257] and comprise 20 % of total body fat mass 

[258]. The IP (VAT) and retroperitoneal fat constitute about 11 % and 7 % of the total fat in 

humans with average weight, respectively, while SC abdominal fat constitutes about 21 % 

[259]. VAT is more metabolically active, hyperlipolytic and resistant to the anti-lipolytic 

effect of insulin than SCAT [258]. In obese individuals, VAT releases excessive amounts of 

FFA and glycerol from adipocytes into the circulation and drain directly into the liver via 

the portal vein [257]. An FFA increase in the liver will increase hepatic glucose production, 

reduce hepatic insulin clearance and ultimately lead to insulin resistance [258]. VAT carries 

a more significant predictor of total mortality than SCAT [260].  

2.7.6. Intraperitoneal AP 

I previously presented several advantages of open-loop CIPII compared to open-loop CSII, 

i.e., faster insulin absorption and action, more reproducible insulin effect (less day-to-day 

variation), and more physiologic gradient between portal and systemic insulin levels [261]. 

In the study, comparing IP and SC closed-loop insulin delivery systems with identical SC 

CGM and Zone Model Predictive Control (ZMPC) algorithm, time in target range (3.9 – 10.0 

mmol/L) improved to 66 % in IP insulin delivery system, compared to 44 % during the SC 

insulin delivery. During these identical 24-hour trials, insulin doses were higher during the 

IP insulin delivery (43 U) compared to the SC insulin delivery (32 U) [201]. 

Experience with a closed-loop CIPII system with an implanted insulin pump (MiniMed-

Medtronic) and IV BG measurements in the jugular vein, with SC connecting lead between 

the insulin pump and glucose sensor was reported by Renard et al. [261]. The authors noted 

that, during closed-loop CIPII, 80 % of the time was spent in their specified rather wide 

normoglycaemic range (4.4 – 13.3 mmol/L). Another study, with short-term closed-loop 

CIPII from an implanted pump driven by an SC CGM via a PID algorithm, demonstrated the 

potential for an AP. The mean time spent in normoglycaemia (4.4 – 6.6 mmol/L) improved 

by 39 % during closed-loop CIPII compared to 28 % during open-loop CIPII [262].  

Burnett et al. found that IP sensor measurement is twice as fast as SC sensor measurements 

(mean time constant of 5.6 min for IP vs 12.4 min for SC) [263].  
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 Subcutaneous  Intraperitoneal  

Insulin absorption peak 50–60 min  [264] 20–25 min [265] 

Insulin residence time 6–8 h [264] 1–4 h [265] 

Sensor measurement 

time constant 

12.4 min [263] 5.6 min [263] 

Device placement External, placed on skin with adhesive 

patches and tubing [266, 267] 

Implanted, no components attached 

to skin [263] 

Device lifetime Replace sensor every 7 days and pump 

infusion set every 2−3 days [266, 267] 

Implanted pumps last years, with 

transcutaneous insulin refills every 

few months [268] 

Device invasiveness Minimally invasive [266, 267] Requires surgery [263, 268] 

Device availability Commercially available [266, 267] In development [263, 269] 

Table 3. Summary of differences between subcutaneous and intraperitoneal insulin pumps and glucose 
sensors. Reused with minor changes from Huyett et al. [270]. 

Potentially, a closed-loop CIPII with IP insulin administration and IP glucose sensing, i.e., a 

double IP approach for an AP, would provide a more rapid insulin absorption and faster 

glucose-sensing than a double SC approach for an AP (Table 3) [271].  

Most of the closed-loop CIPII (IP–IP) studies are in in-silico experiments. Before starting in 

silico experiments, basic data of drug effects, i.e., insulin pharmacokinetics and 

pharmacodynamics are needed to construct new mathematical models and formulate the 

algorithm for a double IP closed-loop system. A new mathematical model based on IP 

insulin and glucose-sensing is more effective than previously reported models (SC–SC, IP–

SC) [272] and increase time spent in clinically acceptable BG range to 97 % from previously 

reported 90 % [270]. However, it should be mentioned that all these results are published 

by one single research group (F.J Doyle 3rd, E Dassau, H.C Zisser).  

Bi-hormone intraperitoneal AP 

Bi-hormone (insulin and glucagon) double SC AP systems has been shown to increase BG 

time spend in the target ranges 3.9 – 10.0 mmol/L or 3.9 – 9.8 mmol/L, compared to insulin 

only double SC APs [193, 273].  Possible concerns regarding glucagon stability over the time 

used in bi-hormone AP were clarified in studies by Ward et al. [274, 275]. During the seven 

days after the glucagon solution was made, the glucagon effect on BG levels did no 

diminish. 

The goal of the APT research group is to make an AP that normalises or close to normalises 

glucose levels, i.e., keep them in the non-diabetic range, without risk of hypoglycaemia and 

a daily intervention of the patients. To achieve this goal, APT is working on a bi-hormonal 

double IP AP. The present thesis exploring the IP delivery of insulin and glucagon is part of 

this work. 
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3. Aim of the thesis 

3.1. Overall aim 

The main aim of this thesis was to investigate the potential of intraperitoneal insulin 

administration to improve glucose control in DM1 patients. IPII is still at the clinical 

research level, it is only occasionally used in clinical practice and there is minimal clinical 

evidence to conclude on the efficiency of IPII.  

3.2. Secondary aims 

Secondary aim I 

Review and perform meta-analyses of reported physiological effects of continuous IP 

insulin infusion compared to continuous SC insulin infusion (paper I). 

Secondary aim II 

Explore the pharmacokinetics and pharmacodynamics of IP insulin administration and 

compare that to SC administration (paper II). 

Secondary aim III 

Compare the blood glucose response following intraperitoneally and subcutaneously 

administered insulin boluses (paper II). 

Secondary aim IV 

Explore the pharmacodynamics of IP glucagon administration and compare that to SC and 

IV administration (paper III). 
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4. Materials and methods 

4.1. Ethics 

4.1.1. Replacement, reduction and refinement: The 3R`s.  

Since 1959, when the first 3R`s were introduced by Russell and Burch`s The Principles of 

Humane Experimental Technique, not much is changed. However, new technologies and 

new approaches have been invented. Therefore, further clarifications in definitions and 

purposes are frequently suggested [276]. The 3R`s implies that we, as researchers, need to 

use replacement alternatives to the animals whenever possible, we should reduce the 

number of animals used, whenever it is possible (reduction), and we need to minimize the 

stress and pain provided before, during and after the procedures (refinement). 

Importantly, animal research should only be conducted if the results have the potential to 

provide beneficial scientific information. It is important to follow guidelines to produce 

valuable protocols, studies and scientific articles, with precise details about included 

animals, size of groups, procedures followed during the studies, and data and statistical 

analysis used. 

The PREPARE (Planning Research and Experimental Procedures on Animals: 

Recommendation for Excellence) guidelines for planning animal experiments [277] and 

ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines for reporting 

animal experiments [278] complement each other and are used in good practice animal 

research.  

In the work of this thesis, experiments with animals could not be replaced by cell cultures 

or in vitro experiments. As neither insulin nor glucagon dynamics could be studied using 

previously mentioned techniques. The number of animals included in the experiments was 

considered based on a resource equation (paper III) [279]. In order to avoid unnecessary 

animal use in the experiments and reduce the number of animals needed, the aim of every 

experiment was to collect as many and as good data and samples as possible. In Norway, 

the use of laboratory animals is governed by the Regulations Relating to the Use of Animals 

in Research, which follows from the Animal Welfare Act. The European Economic Area 

(EEA) Agreement obliges Norway to implement EU Directive 2010/63/EU on the Protection 

of Animals used for Scientific Purposes. As by Norwegian law, all animal experiments 

included in this thesis were approved by the Norwegian Food Safety Authority 

(Mattilsynet). Gas anaesthesia was used for animals during the experiments, therefore, 

ensuring minimal additional pain and stress to the pigs and rats. 
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4.2. Systematic review and meta-analysis (Paper I) 

4.2.1. Search strategy 

The protocol followed the PRISMA and Cochrane Handbook guidelines and was registered 

with the International Prospective Register of Systematic Reviews (PROSPERO) on the 30th 

of June 2016 (registration number CRD42016040124). 

Systematic searches were performed in PubMed, EMBASE (Medline/Ovid), The Cochrane 

Library’s CENTRAL database (Wiley Online Library), and Scopus. A person with knowledge 

of information retrieval in science assisted in developing the search strategy (Table S1). 

Searches for trial protocols registered with ClinicalTrials.gov and the International Standard 

Randomized Controlled Trial Number (ISRCTN) registry were also performed. Furthermore, 

the International Clinical Trials Registry Platform Search Portal was used to search for 

ongoing or recently completed trials. Dissertation Abstracts, Electronic Thesis Online 

Service (EthOS) and Network Digital Library of Theses and Dissertations database were 

additionally searched. For all relevant material, all references were checked to identify 

additional material (grey literature). The last search was performed on the 10th of July 2020. 

All abstracts and titles of articles from the systematic search were uploaded to Distiller SR 

software. Two reviewers independently screened the reports and abstracts based on 

predefined inclusion and exclusion criteria. During the data evaluation, we observed that 

CSII significantly reduced HbA1c levels compared to MDI. This reduction could be a possible 

bias in the results when SC insulin delivery was compared to CIPII. To avoid this bias, we 

decided to restrict the results to the effects of CSII and CIPII exclusively. When any 

disagreement occurred during the data evaluation or extraction, two consultants with 

expertise in endocrinology independently evaluated the material. 

4.2.2. Included studies 

All reports and abstracts from studies addressing physiological effects of CIPII versus CSII 

in DM1 patients were included, i.e., controlled trials, observational studies, case series (> 

1 case), case reports (single case), as well as abstracts from clinical and scientific 

conferences (Fig 23).  

 



4. Materials and methods 

47 
 

 

Figure 23. Flow chart of literature search and selection of reports for systematic review. CSII, 
continuous subcutaneous insulin infusion; MDI, multiple daily injections; IPII, intraperitoneal insulin 
infusion; CIPII, continuous intraperitoneal insulin infusion; SPAD, subcutaneous peritoneal access 
device, SMBG, self-monitoring blood glucose.  
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4.2.3. Participants and measurements 

Studies were determined to be eligible if CIPII treatment was compared to CSII treatment 

in DM1 patients. The CIPII treatment had to exceed one month in duration (including the 

wound healing period after establishing the abdominal port for insulin delivery). The 

minimum follow-up for the evaluation of HbA1c levels was set to three months, as HbA1c 

reflects the average glucose levels of the previous 120 days (the average erythrocyte life 

span) [280]. Consequently, as the follow-up was less than three months in two studies, they 

were excluded from the HbA1c analyses [281, 282]. 

Any outcome reported in any of the included studies was included in paper I. 

The primary outcomes included the following: (1) glycaemic control (HbA1c levels, fasting 

blood glucose (fasting BG) levels, hypoglycaemia, and hyperglycaemia); and (2) insulin 

levels (fasting insulin levels, time to reach peak insulin concentrations, maximum insulin 

levels, and time until insulin levels return to the basal level) and the mean daily insulin 

dose. 

The secondary outcomes included any reported variable other than those listed in the 

primary outcomes. These included the following: (1) glycaemic control (self-monitoring of 

blood glucose (SMBG), mean daily BG levels, time spent in normoglycaemia, and glucose 

variability); (2) intermediate metabolites (triglycerides, cholesterol, free fatty acids, lactate, 

ketone bodies, and apolipoproteins); (3) counterregulatory hormones and other hormones 

(glucagon, catecholamines, growth hormone, insulin-like growth hormones, and binding 

proteins); (4) other metabolic outcomes (levels of anti-insulin antibodies (AIA), sex 

hormone-binding globulin (SHBG), and plasminogen activator inhibitor-1 (PAI – 1)); and (5) 

any technical and/or physiological complications reported during CIPII treatment. 

4.3. Animal studies 

4.3.1. Paper II 

Pigs as model organisms for human diseases is widely used, as they resemble anatomic and 

physiologic characteristics of humans [283]; and the pig immune system resembles 80 % of 

the human immune system genes [284]. In comparison, mice resembles 10 % [284].  

In the animal trial for intraperitoneal insulin pharmacodynamics and pharmacokinetic 

described in paper II, separated blood samples for BG levels and insulin levels were 

needed; thus, pigs were chosen as the model organism. All in all, 11 juvenile, non-diabetic 

crossbred domestic pigs (Sus scrofa, breed TN 70, mix between Norwegian Landswine and 

Yorkshire) approximately three months of age were provided by a local farmer who is the 
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exclusive provider of pigs to the animal research facility of NTNU. Another reason to choose 

pigs was the animals' size as it allows for extensive blood sampling for the glucose and 

insulin analysis.  

Approximately one week before the trial’s pigs were transported to the animal facility and 

acclimatized to the staff and new environment. Pigs were kept in groups in a common stall 

with a concrete floor covered with wood chips. In every stall, heat lamps were provided, 

and the day-night light period was maintained at +22 °C. The pigs were fed standard food, 

and fresh water was available ad libitum. Food was removed 17 hours before the start of 

the trial, while water was available until anaesthesia was initiated. 

4.3.2. Paper III 

IP, SC, and IV glucagon delivery were studied using a rat model (Rattus norvegicus). Ten 

male Sprague Dawley rats were used in the pilot study to refine the experimental protocol 

and determine the glucagon dose to be used in the main study with an additional 20 rats. 

Rats were kept in groups of three in plastic solid bottom cages (515 × 381 × 256 mm, 

Tecniplast, Italy) filled with sawdust as a floor cover. The rats were acclimatized to the 

animal facility and maintained on a 12-hour light – 12-hour dark photoperiod at +20 – +24 

°C and relative humidity of 55 % ± 5 %. They were fed expanded pellets (Special Diets 

Services RM1 for rats, UK), and fresh water was available ad libitum. The rats were trained 

to accept general handling and use of a restrainer (Harvard Apparatus, Holliston, USA) for 

three weeks prior to the start of experiments. Thus, reduce stress and the possible effect 

of stress on glucose levels. In practice, my colleague and I visited animals 3 – 4 times per 

week, held them in our hands, petted them and trained them to use restrainers; after that, 

rats got a treat (Multigrain Cheerios). During the trials, rats were kept in restrainer's awake 

while blood samples were taken. During the incision of the tails, anaesthesia was provided. 

4.4. Surgery and equipment 

4.4.1. Paper II 

Before removal from the stall, pigs were sedated. After sedation, pigs were carried into the 

operation room, weighted, and put on the operation table. A cannula was inserted in an 

ear vein, and anaesthesia was induced by IV infusion. During additional mechanical 

ventilation, pigs were intubated. Via incision in the neck, an intra-arterial line was placed 

in the left carotid artery for blood sampling and monitoring of physiological parameters. 

An IV line was placed in the left internal jugular vein for glucose and fluid infusions. Both 

catheters were inserted through the same surgical incision.  
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With a low laparoscopic incision, the bladder was catheterised. The catheter for IP delivery 

by an Animas Vibe insulin pump (Animas Corp., West Chester, PA, USA) was inserted 

through a 2 – 3 cm long caudal-umbilicus incision in the abdominal wall. The tip of the 

catheter was inserted IP in the upper right region with a pair of long forceps and externally 

fixed with tape. The tip was not fixed internally in the stationed position.  

To avoid coagulation 150 IU of heparin (LEO Pharma A/S, Ballerup, Denmark) was injected 

into the IP space. In both the main trial and the additional trial, anaesthesia was maintained 

by IV infusion of midazolam (0.5 mg/kg/h) (Accord Healthcare Limited, Middlesex, UK) and 

fentanyl (7.5 µg/kg/h) (Actavis Group, Hafnarfjordur, Iceland) and by inhalation of 

isoflurane (0 – 2 %) (Baxter AS, Oslo, Norway). The anal temperature was measured every 

hour, and in the case of higher or lower temperatures than 37 °C, medical blankets were 

adjusted to stabilise the temperature. The experiments lasted for approximately eight 

hours, and vital sensors were continuously monitored and adjustments made if needed. At 

the end of all trial days, and still, under full anaesthesia, the pigs were euthanized with an 

IV overdose of pentobarbital (minimum 100 mg/kg) (pentobarbital NAF, Apotek, 

Lørenskog, Norway).  

4.4.2. Paper III 

On the experiment days, rats were weighted for the calculation of the appropriate drug 

dose. Before transportation to the operation room, rats received an SC octreotide 

injection. All rats were initially anaesthetised in a gas chamber with 5 % isoflurane, 95 % air 

with the additional possibility to use a face mask with 2 % isoflurane, 95 % air for further 

handling.  

The first ten rats, i.e., the pilot rats, were anaesthetised using the face mask for the entire 

experiment. We experienced a steady increase in BG levels in these rats. After an additional 

literature search, we came to the conclusion that continuous anaesthesia was the reason 

for increasing BG levels. Thus, for the next rats, the use of anaesthesia was limited to a 

minimum, and consequently, the BG levels were stable. Anaesthesia was used for animal 

welfare, i.e., reduced pain during incisions, and for standardisation of the protocol. During 

the first anaesthesia period, a cut in the tail for the collection of blood samples was made. 

During the second anaesthesia period, an injection of glucagon or placebo was given. When 

required, additional anaesthesia was provided to rats showing signs of stress while kept in 

the restrainer. 

For the blood glucose samples, a 6 – 9 mm cut was made with a straight-edged scalpel over 

the lateral tail vein two-thirds down the length of the tail for blood sampling. To ensure 

sufficient blood flow for sampling, the vein was gently stroked from the base of the tail and 
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toward the wound, and the first small drop of blood was removed. For the third 

intervention, both veins had been used for sampling at former trials, and the new cut was 

made proximal to the older cut. Whenever needed, the vein was carefully reopened with 

the tip of the scalpel to ensure sufficient blood flow for sampling.  

The rats were given a non-steroid anti-inflammatory drug (Metacam vet, Boehringer 

Ingelheim Vetmedica) 1 mg/kg BW as a single SC injection at the end of the two first 

procedures. A suture to close the wound and stop the bleeding at the end of the procedure 

was necessary on 19 occasions. The wounds healed well after sampling regardless of the 

wound being sutured or not, and no wound infections were observed. After the third 

procedure, the rats were euthanized with an IV injection of pentobarbital (100 mg/kg) 

under isoflurane anaesthesia. 

4.5. Endogenous insulin and glucagon suppression  

One of the challenges in our animal experiments was the animal's physiological response 

after insulin or glucagon injection. For example, glucagon injection would increase glucose 

levels via increased glucose production, which would stimulate insulin secretion and vice 

versa. Therefore, the effect of the hormone after administration would reduce, and the 

experiment would be biased. In order to avoid this problem, the somatostatin analogues 

octreotide and pasireotide were used to suppress the endogenous insulin, and glucagon 

secretion [144] as the combination of different SSA for specific SSA receptors intensifies 

the inhibition of hormones [134].  

4.5.1. Paper II  

All the pigs received the somatostatin analogues octreotide (Sandostatin 200 µg/ml, 

Novartis Europharm Limited, United Kingdom, UK) and pasireotide (Signifor 0.3 mg/ml, 

Novartis Europharm Limited, UK). 

We injected octreotide and pasireotide one hour before the first insulin bolus of the day. 

Subsequently, 0.4 mg octreotide was given IV, and 0.3 mg pasireotide was injected SC. 

Octreotide injections were repeated every hour, and pasireotide injections were repeated 

every three hours during the trial. Octreotide and pasireotide had the expected effect on 

insulin levels, as endogenous insulin levels (measured by the enzyme-linked 

immunosorbent assay (ELISA) Porcine insulin kit) were not detectable during the 

experiments (< 13.8 pmol/L). Porcine insulin had minimal cross-reaction with NovoRapid 

insulin analogue (3.2 %).  
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4.5.2. Paper III 

All rats received two SC injections of 10 µg/kg body weight (BW) octreotide. The first 

injection was given approximately 30 min before the start of each procedure and the 

second at the time of glucagon/placebo injection. Octreotide was given subcutaneously in 

the neck but not at the exact location as the SC glucagon injection. 

4.6. Intervention 

4.6.1. Paper II 

At the start of every trial day, new human insulin (U 100, Human insulin Novorapid, Novo 

Nordisk, Denmark) was inserted into an insulin pump (Animas Vibe, West Chester, PA, 

USA). 

In the main trial, all pigs (n = 7) received three insulin boluses, 2 U, 5 U and 10 U, in the 

upper right IP space. 

In the additional trial, insulin boluses were injected into the SC tissues in the left side of the 

neck. Two pigs received 10 U boluses, and one pig received a 5 U bolus.  

4.6.2. Paper III 

All rats (n = 20) received IP and SC injection of 5 µg/kg BW glucagon, 15 rats received 

placebo IP injections of 1 mL/kg BW of isotonic saline. The volume of the placebo injection 

(1 mL/kg BW) was similar to the IP glucagon injection (approximately 500 µL). Five rats 

received an IV injection of 5 µg/kg BW glucagon. Thus, to obtain information of IV delivery 

of glucagon. The volume of the injection was considered based on a good practice guideline 

[285]. There was at least one week between each test procedure on each rat. 

Glucagon solutions were kept in a refrigerator and used the same day as they were made. 

Solutions were warmed to approximately body temperature just before administration. SC 

glucagon was injected at the back of the neck, and IP glucagon and placebo (an equal 

volume of 0.9 % NaCl) in the lower part of the abdomen, while the rat was held at an angle 

after its hind legs. IV glucagon was given in the lateral tail vein that was not currently used 

for blood sampling. 

4.7. Analysis of glucose and insulin  

In the experiments described in paper II and paper III BG levels were analysed on a 

Radiometer ABL 725 blood gas analyser (Radiometer Medical ApS, Brønshøj, Denmark).  
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4.7.1. Paper II 

In the main trial, arterial blood samples for glucose and insulin measurements were 

collected 10, 5 and 1 minute prior to the first somatostatin analogue injection, every 10 

minutes for the first hour after Sandostatin injection, with one minute in-between for 10 

minutes after insulin bolus, and after that every fifth minute for the next 110 minutes.  

In the additional trial, samples were collected 10, 5 and 1 minute prior to the first 

somatostatin analogue injection and before initiating glucose infusion. Subsequent blood 

glucose samples were collected 2 minutes after the insulin boluses and after that every 5 

minutes for the next 118 minutes. 

Arterial blood samples for glucose analysis were collected in heparinised syringes (LEO 

Pharma A/S, Ballerup, Denmark). All samples were placed on ice after extraction. Most 

samples were analysed immediately, but some samples were stored on ice for a maximum 

of 20 minutes before analysis. 

In both trials, arterial blood samples for insulin analysis were collected directly in 

heparinised syringes (LEO Pharma A/S, Ballerup, Denmark) and stored on ice at least 10 

minutes before centrifugation (10 minutes at 2.000 x rpm in a refrigerated centrifuge).  

Plasma was collected from the samples immediately after centrifugation, transferred to 

Eppendorf tubes and temporarily stored at -20 ᵒC. At the end of each trial day, plasma 

samples were stored at -80 ᵒC. 

Plasma insulin was analysed as singles by Iso-Insulin enzyme-linked immunosorbent assay 

(ELISA) kit (10-1128-01, Mercodia, Uppsala, Sweden). Suppression of endogenous insulin 

secretion was verified by analyses of Porcine Insulin ELISA kit (10-1200-01, Mercodia, 

Uppsala, Sweden) according to the manufacturer`s protocol. The results were converted 

from mU/L to pmol/L by a conversion factor 6, as recommended by the manufacturer. The 

lowest detectable insulin concentration for Iso-Insulin ELISA kit was < 3.0 mU/L (< 18 

pmol/L); for Porcine insulin ELISA kit was < 2.3 mU/L (< 13.8 pmol/L). Insulin analysis was 

performed in the St. Olav’s hospital medical biochemistry laboratory by an experienced 

bioengineer.  

In the main trial, all insulin samples were run in singles with a coefficient of variation (CV) 

< 5 %. Inter-assay CV for Porcine insulin were 4.1 %, 4.3 % and 3.3 % for 5.04, 17.6 and 55.4 

mU/L standards, respectively. Inter-assay CV for Iso-Insulin were 4.9 % and 4.7 % for 9.84 

mU/L and 60.7 mU/L standards, respectively. 
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4.7.2. Paper III 

Venous blood samples for BG measurements were collected 10, 5 and 1 min prior to 

glucagon injection, and 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, and 60 min after glucagon or 

placebo injections. Samples were collected directly in heparinised capillary tubes (35 µL, 

Clinitubes, Radiometer Medical ApS, Brønshøj, Denmark) and stored on ice for a maximum 

of 30 minutes before analysis on a blood gas analyser. 

4.8. Statistical analysis 

4.8.1. Paper I 

Continuous outcomes were measured and analysed as mean differences and 95 % 

confidence intervals (MD, 95 % CI); skewed data and non-quantitative data were presented 

descriptively  [286]. A meta-analysis was performed on the primary outcomes, including 

HbA1c, fasting BG, and fasting insulin levels, and daily insulin dose, and the secondary 

outcomes, including SMBG, cholesterol, and triglyceride levels using STATA software (Stata 

Corp. 2019. Stata Statistical Software: Release 16. College Station, TX: Stata Corp LLC). 

When the outcome variables were continuous measurements, the mean difference (MD) 

was used as the effect size. The heterogeneity was estimated with random effects models 

and restricted maximum likelihood as the analysis model. The heterogeneity was estimated 

by the I2 statistic and categorised as follows: a) heterogeneity that might not be important 

(0 – 40 %), b) may represent moderate or substantial heterogeneity (40 – 75 %), or c) 

considerable heterogeneity (75 – 100 %). However, the observed value's importance 

depends on the magnitude and direction of the effects and the strength of the evidence 

for heterogeneity [287]. Each study was weighted using STATA software for continuous 

outcome variables based on the SD and the study sample size. This weighting determined 

how much each individual study contributed to the pooled results estimates [288]. 

Subgroup analyses were performed for all studies included in the meta-analysis. The 

categories for the subgroup analyses were: (1) HbA1c levels before starting CIPII treatment 

(≤ 7 % and > 7 %), (2) study type (case-control studies and crossover studies), (3) duration 

of the CIPII-period (≤ 6 months and > 6 months), and (4) whether or not there was an 

additional controlled CSII follow-up-period with subsequent CIPII-period. As an additional 

analysis, studies were sorted by the duration of the CIPII-period (months) to provide 

information about changes in the effect with time.  

Evaluation of heterogeneity between studies was performed for studies reporting HbA1c 

levels by meta-regression and bubble plot analysis with 95 % CI and linear prediction of 

HbA1c levels with CIPII treatment, using CSII controls for comparison.  
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Heterogeneity of effects was also explored with funnel plots [289] when ten or more 

studies were included in the meta-analysis. Assessments for publication bias across studies 

were performed using graphical (funnel plot) and statistical (Egger΄s test: random-effect 

model, t-distribution) analyses. For quantitative testing of skewness in the funnel plot, the 

Egger΄s test was chosen to analyse the MD of continuous outcomes.  

A cumulative, sequential meta-analysis of the studies was performed according to the 

duration of the CIPII-period. 

4.8.2. Paper II 

Statistics were performed with GraphPad Prism 8 Statistics. All values are given as mean ± 

standard deviation (SD). Differences between the groups were considered significant if p ≤ 

0.05. Delta values collected from the main trial with different insulin boluses (2 U, 5 U and 

10 U) in the pigs were analysed. Two-way repeated measurement analysis of variance 

(ANOVA) in order to estimate possible significant differences in circulating insulin and BG 

levels after IP insulin boluses were performed. Treatment and time were the sources of 

variation. Tukey`s multiple comparisons test was used for distinguishing comparisons 

between different insulin boluses. All non-measurable insulin values were set as 18 pmol/L. 

All treatments are compared as models; therefore, comparison between unequal groups 

was allowed.  

4.8.3. Paper III 

The software package R was used to analyse the data. The relationship between BG levels 

and time was analysed for all interventions using a mixed linear model with the 

combination of time and treatment as the fixed effect. The dependent variable was defined 

as log glucose concentration to achieve normal distribution. To account for multiple 

measurement series on each rat, rat identification was included as a random effect. To 

account for dependence within each series, the error term for each series was specified as 

a first-order autoregressive process AR (1) series accounting for minutes between 

measurements. Mean changes in glucose concentrations from −1 min to 60 min for the 

four treatments were compared using the Wald test. Maximum concentration and time 

until a maximum concentration of the estimated model for the treatments were compared 

using the Mann-Whitney U test. To eliminate the effect of placebo intervention on the 

glucose response, the mean value of the 15 placebo interventions was subtracted from the 

mean value of the 20 SC and IP interventions and the mean value of the 5 IV interventions 

at the given time points. All interventions were compared as models. All values in the text 

are presented as mean ± SE of the mean unless stated otherwise. Differences between the 

group means were considered statistically significant when p ≤ 0.05. 
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The most appropriate statistical method used for the study was discussed with associated 

professor Øyvind Salvesen. He also wrote the script for the statistical analysis in the 

statistical program R. 
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5. Summary of papers 

5.1. Paper I 

“Physiological effects of intraperitoneal versus subcutaneous insulin infusion in patients 

with diabetes mellitus type 1: A systematic review and meta-analysis” 

The IP route of administration accounts for less than 1 % of insulin treatment regimes in 

patients with DM1. Despite being used for decades, a systematic review of various 

physiological effects of this insulin administration route is lacking. 

The aim of paper I was to identify the physiological effects of CIPII compared to those of 

CSII in patients with DM1. 

Systematic searches were performed in PubMed, EMBASE (Medline/Ovid), The Cochrane 

Library’s CENTRAL database (Wiley Online Library), and Scopus. The search identified a 

total of 2242 records; 39 reports from 32 studies met the eligibility criteria. When 

performing a meta-analysis, we focused on the most relevant clinical endpoints, such as 

HbA1c, hypo- and hyper-glycaemia events, peripheral insulin levels, and time to peak 

insulin concentration. However, among the mentioned endpoints, only for HbA1c and 

fasting insulin levels we could perform meta-analyses; other beforehand mentioned 

endpoints were provided in a descriptive or non-comparative manner. Three additional 

meta-analyses (daily insulin dose, triglycerides, cholesterol) are described in paper I.  

We found significantly lower MD in HbA1c levels during CIPII than during CSII (MD = -6.7 

mmol/mol, [95 % CI: -10.3 – -3.1]; in percentage: MD = -0.61 %, [95 % CI: -0.94 – -0.28], p 

= 0.0002). In subgroup analysis according to HbA1c levels before starting CIPII treatment, 

significantly lower HbA1c levels were observed during CIPII treatment than during CSII 

treatment in the subgroup with HbA1c levels > 53.0 mmol/mol (> 7 %) and remained 

unchanged in the subgroup with HbA1c levels ≤ 53.0 mmol/mol (≤ 7 %) (MD = -8.1 

mmol/mol, [95 % CI: -12.5 – -3.8], p < 0.01 and MD = -1.8 mmol/mol, [95 % CI: -5.5 – 1.9], 

p = 0.33, respectively; in percentage: MD = -0.74 %, [95 % CI: -1.14 – -0.35], p < 0.01 and 

MD = -0.16 %, [95 % CI: -0.50 – 0.17], p = 0.33, respectively). The difference between the 

two subgroups was significant (p = 0.03). There was substantial heterogeneity between the 

studies with HbA1c levels > 53.0 mmol/mol (> 7 %) (I2: 70 %, p < 0.01) and no heterogeneity 

in the studies with HbA1c levels ≤ 53.0 mmol/mol (≤ 7 %) (I2: 0 %, p = 0.72). 

The frequencies of severe hypo- and hyper-glycaemia were reduced during CIPII. The 

fasting insulin levels were significantly lower during CIPII than during CSII (MD = -16.70 

pmol/L, [95 % CI: -23.62 – -9.77], p < 0.0001). Compared to CSII treatment, CIPII treatment 

improved overall glucose control and reduced fasting insulin levels in patients with DM1. 
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5.2. Paper II 

“Intraperitoneal insulin administration in pigs: Effect on circulating insulin and glucose 

levels” 

The effect of IP insulin infusion has limited evidence in the literature. Also, there is a lack 

of studies comparing the insulin appearance in the systemic circulation after IP compared 

with SC insulin delivery. 

The aim of paper II was to investigate the pharmacokinetics and pharmacodynamics of 

different IP insulin boluses and compare them with SC insulin boluses. 

All pigs were treated with somatostatin analogues (octreotide and pasireotide). Seven pigs 

received 2 U, 5 U and 10 U IP insulin boluses; the last six pigs in a randomised sequence. 

There were at least two hours and 30 minutes between each bolus. In the additional trial, 

two pigs received 10 U SC insulin bolus, and one pig received 5 U SC insulin bolus. All SC 

insulin boluses were performed as the first bolus of the day. 

We observed a faster glucose response after IP insulin boluses, with a significant decrease 

after 5 U and 10 U IP insulin boluses compared to the 2 U insulin boluses. However, we did 

not observe a significant difference between 5 U and 10 U IP insulin boluses. Interestingly, 

circulating insulin levels increase after 10 U insulin boluses were observed after 10 minutes; 

on the contrary, no significant insulin level increase was observed after 5 U and 2 U IP 

insulin boluses. 

In the additional trial, insulin levels were increased five minutes after both 5 U and 10 U SC 

insulin boluses, with four to seven folds higher maximum circulating insulin increase 

compared to the IP insulin boluses. 

Smaller IP boluses of insulin have an effect on circulating glucose levels without increasing 

insulin levels in the systemic circulation. By increasing the insulin bolus, a major increase in 

circulating insulin was observed, with a minor additive effect on circulating glucose levels. 

This is compatible with a close to 100 % first-pass effect in the liver after smaller 

intraperitoneal boluses. SC insulin boluses markedly increased circulating insulin levels. 
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5.3. Paper III 

“Intraperitoneal, subcutaneous, and intravenous glucagon delivery and subsequent 

glucose response in rats: a randomized controlled crossover trial” 

Hypoglycaemia is a frequent and potentially dangerous event among patients with DM1. 

SC glucagon is an emergency treatment to counteract severe hypoglycaemia. The effect of 

IP glucagon delivery is sparsely studied.  

The main aim of paper III was to investigate and compare the glucose pharmacodynamics 

after IP, SC, and IV glucagon administration in octreotide treated rats. 

Fifteen rats received IP and SC glucagon injection with a dose of 5 µg/kg and IP placebo 

injection of saline. Five rats received IP, SC, and IV glucagon injection with a dose of 5 µg/kg. 

The different randomized interventions were done one week apart. The rats were kept 

awake for most of the time of the experiments with brief anaesthesia for the incision in the 

tail for blood sampling and the injection of glucagon of placebo (saline).  

After four minutes, we observed a significant glucose increase after IP glucagon injection 

compared with IP placebo injection (p = 0.009). In comparison, after SC and IV glucagon 

injection significant glucose increase was observed after eight minutes (p = 0.002 and p < 

0.001, respectively). The glucose excursion after IP glucagon injection lasted shorter than 

after SC glucagon injection, i.e., BG levels were higher after four minutes (p = 0.019) and 

lower after 40 min (p = 0.005) and 50 min (p = 0.011) after IP glucagon injection. The 

maximum glucose response occurred 25 minutes after IP glucagon injection compared with 

35 minutes after SC glucagon injection (p = 0.003). BG levels also increased in the rats after 

the placebo (saline) injection.  

Glucagon administered intraperitoneally gives a faster glucose response compared with 

subcutaneously administered glucagon in rats. If repeatable in humans, the more rapid 

glucose response may be of importance in a bi-hormone artificial pancreas using the IP 

route for administration of insulin and glucagon. 
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6. Discussion 

6.1. Methodological considerations 

Human study 

In paper I, the inclusion criteria was crucial in developing the qualitative systematic review. 

Many studies compared SC insulin administration with CIPII without considering the 

potential bias in the study. There is substantial evidence that CSII shows significant 

improvement in glucose control, i.e., average glucose exposure and hypoglycaemic 

episodes, compared to MDI treatment [290]. Therefore, to avoid this bias, we included only 

studies with CIPII vs CSII comparison. We hold that this approach is a major strength of 

paper I.  

To establish IP insulin infusion a surgical procedure is needed that may influence insulin 

resistance; and thus, the daily insulin dose required for adequate glucose control. 

Therefore, one month of the IP period was considered an appropriate time for wound 

healing and observing the potential effects of CIPII. Another criterion was the effect on 

HbA1c levels during CIPII. We limited our inclusion to CIPII periods of three and more 

months. Most of the studies repeated measurements every two to three months for an 

extended period. Therefore, we used the last measurements of both the CSII and CIPII 

periods in the studies. 

We encountered high heterogeneity between studies (I2 = 68 %). Thus, we made subgroup 

analyses to explore possible reasons for heterogeneity. We know that duration of the 

treatment could affect the results. Therefore, we divided studies by duration of the CIPII 

period and chose six months as a breaking point (≤ six months versus > six months). During 

the process, we chose four criteria that could influence the results: (1) HbA1c levels before 

the start of the CIPII period; (2) type of the study; (3) duration of the CIPII treatment; and 

(4) controlled CSII treatment before starting CIPII treatment, as just intensive control of BG 

levels could improve HbA1c levels [268]. During the generation of subgroup analyses, we 

were curious about the effect of the duration of the CIPII period. Therefore, we categorized 

all measurements in meta-analyses by the duration of the CIPII period (from 1.5 months to 

24 months). 

By performing the review and meta-analyses the way we did, we hold that even when the 

studies included were in general of moderate and poor scientific quality, the observations 

that CIPII treatment is superior to CSII on several variables related to glucose control are 

quite trustworthy. 



6. Discussion 

61 
 

 

Animal studies 

In paper II, the pig model was chosen for the study of IP insulin delivery on insulin 

pharmacokinetics and dynamics. This was based on similar size, anatomical features that 

pigs share with humans, such as similarities in peritoneum [291] and physical parameters 

[292]. Pigs also share similarities in blood pressure and heart rate, and pigs eat any food 

and drink. Pigs suffer from obesity and diabetes, and medical devices used for humans such 

as catheters can also be used in pigs [293]. 

Rats as model organisms were chosen for the animal trial identifying glucose levels change 

in response to glucagon injection in paper III. Rats possess physiological similarities to 

humans, such as similarities in mesothelial cells, and it's possible to develop specific 

conditions in rats to mimic human diseases, i.e., diabetes [294]. In general, rats and humans 

share a majority of their biochemical capabilities at the genome level [295]. Previously, rats 

have been used as model organisms for studying morphological changes of peritoneum 

[296]. And rats are cheap, easy to handle and easy to keep for extended periods in an 

animal facility. 

Insulin IP injection in the pigs was done by opening the peritoneum and inserting a catheter 

attached to an insulin pump. Thus, we know that insulin was delivered in the IP cavity. In 

the rats, glucagon IP injection was done blindly, i.e., rats were anaesthetised, and glucagon 

was injected by holding their hind legs. Therefore, we do not know for sure that glucagon 

was administrated in the IP cavity. We cannot exclude that glucagon was administrated in 

the intestines or nearby the peritoneum. Thus, we should be a bit careful about our 

conclusions about glucagon absorption from the peritoneal cavity in rats. APT has repeated 

the glucagon study in the pigs with quite similar results as the present results in rats [255]. 

This paper is not included in this thesis. 

Anaesthesia and intervention 

During the trials, pigs were exposed to anaesthesia for a long time, i.e., seven to eight 

hours. Duration of anaesthesia could potentially affect the results of the insulin 

pharmacokinetics and pharmacodynamics that we observed. The pigs were exposed to 

drugs such as sedation and anaesthesia and an unnatural position on the operation table. 

This could potentially affect blood flow and gastrointestinal and peritoneal fluid 

movements. General anaesthesia and surgical incision in the abdomen reduces intestinal 

motility [297], and incision in the peritoneum activates an inflammatory response [298] 

with a potential collection of fluids. Accumulation of IP fluid was observed in some pigs 

during the experiment day. This side effect of our experimental procedure may have had 
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an influence on the IP absorption of insulin and hence on the observed pharmacokinetics 

and pharmacodynamics of IP delivered insulin. Therefore, we tried to interfere with the IP 

space as little as possible in the successive experimental days. 

BG levels can be affected by sedation and anaesthesia in the absence of additional insulin 

delivery or suppression of endogenous insulin secretion. Out of the anaesthetics used in 

the pig trials, azaperone [299], thiopental [300, 301], ketamine [302, 303] and isoflurane 

[304] may increase BG levels. Another study observed BG level increase 30 minutes after 

continuous use of isoflurane [304]. A strength of our research in pigs is that we compared 

insulin and glucose levels with identical experiment protocols, avoiding potential biases 

introduced by the experimental procedures.  

Rats were anaesthetised with a maximum of 5 % isoflurane. When combined, first and 

second anaesthesia, the period during the anaesthesia was shorter than previously 

mentioned 30 minutes. Thus, the risk of anaesthesia affecting BG levels was minimised. 

Endogenous insulin and glucagon suppression 

In paper II, we used the somatostatin analogues octreotide and pasireotide for suppression 

of endogenous insulin and glucagon secretion. In these experiments, we wanted to identify 

the pharmacokinetics and dynamics of exogenous IP insulin delivery. Therefore, we 

combined two somatostatin analogues to ensure that endogenous insulin secretion is 

suppressed. Pasireotide was chosen as one of the somatostatin analogues, as it has a high 

affinity for the SSTR 1 and SSTR 5 [305]. These receptors are strongly expressed in β cells 

[137]. Octreotide was used as a complimentary hormone, as it predominantly targets SSTR 

2, and it is strongly expressed in α cells [137].   

We only used octreotide for the suppression of endogenous glucagon and insulin secretion 

in the rats. Previous trials provided evidence that octreotide is sufficient for inhibition of 

glucagon and insulin secretion in rats [306], as it has a high affinity for the SSTR 2 [144], 

which is strongly expressed in the α cells [137]. It also has a high affinity for the SSTR 5 

[307], which is strongly expressed in the β cells [137]. 

Endogenous insulin production was measured in paper II, where a Porcine insulin ELISA kit 

was used to detect possible endogenous insulin secretion. There were no detectable levels 

of endogenous insulin during the experiments. 

Fasting of animals 

Pigs fasted for the last 16 hours before the experiments took place. Possible hypoglycaemia 

would explain decreased endogenous insulin levels before the start of the experiments. 

Before the start of pig experiments, we did not observe hypoglycaemia. Moreover, fasting 
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insulin levels in non-diabetic pigs were comparable with fasting insulin levels in non-

diabetic humans [25]. Thus, we hold that non-measurable endogenous insulin levels was 

not due to a prolonged fasting state but rather caused by treatment with somatostatin 

analogues.  

In the rat study, fasting was initiated one hour before the experiments. Rats were kept in 

cages in groups of three. Thus, the first rat fasted for a shorter period of time than the third 

rat. Rats are night active animals; in the daytime period, rats are less active. Thus, the 

metabolic process is reduced as experiments were done during the day and rats were 

randomised. Thus, the fasting time difference would not affect the results.    

6.2. Encountered difficulties during analysis of results and studies 

Paper I 

In general, healthy people have more similar fasting insulin levels than patients with DM1, 

where fasting insulin levels show high intra-individual variability (Fig 24, 25) [76]. As each 

patient represents individual results (Fig 25), studies with few participants use to produce 

results with a wide confidence interval. Thus, reducing the study's importance in terms of 

conclusions that can be drawn. 

Another challenge that was encountered during the data extraction of the studies' was 

spare some and insufficient material and method description. It was not possible to 

compare some crucial parameters from the studies with an inappropriate description of 

insulin type, insulin pumps, and the IP or SC insulin delivery site location. Five out of ten 

authors responded to our request for additional information, although only two of them 

provided informative answers. These and other measurements (fatty tissue distribution 

around the infusion site, VAT and SCAT ratio, individual activity level) could give a deeper 

insight into the CIPII and provide some comparisons for future studies.    
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Figure 24. Arterialized plasma concentration of insulin before insulin bolus. Control, healthy subjects; GCK-
MODY, glucokinase-maturity-onset diabetes of the young; T1DM, patients with diabetes mellitus type 1. Figure 
reused without major modifications from Gregory et al. [76].  

 

Figure 25. Increase from baseline in plasma free insulin concentration after the IP administration of 15 U of 
insulin a 20-min square wave infusion using the implantable device at IP 3 months (white rectangular prism) 
and IP 30 months (black rectangular prism). Each bar represents a patient, and time (min) to the insulin peak 
are reported at the top. Figure reused without modifications from Scavini et al. 1995 [308]. 

Animal studies  

During stressed situations, the body secretes adrenaline that stimulates glucagon 

secretion; thus, BG levels increase [309]. To avoid this, we trained rats to accept the 

persons (my colleague and I) who performed the experiments, and the rats were trained 

to be held in restrainer to minimise their movements. During the rat studies, we observed 

individual stressed animals and even aggression in some observed individuals in all 
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intervention times. As previously mentioned, another difficulty was blind IP insulin 

injection, as it was not possible to make a clear and visible injection.  

6.3. Discussion of main findings and comparison with other studies 

6.3.1. Benefits of CIPII (Paper I) 

In paper I, we observed a highly significant reduction of HbA1c levels during CIPII compared 

to CSII treatment. Moreover, subgroup analysis of studies with HbA1c levels > 7 % during 

CSII before changing to CIPII showed an even larger decline in HbA1c levels during CIPII 

treatment (Fig 26). During CIPII treatment, a visual pattern of gradual and significant HbA1c 

levels decreased with increased CIPII treatment time. Overall, long-term CIPII may be more 

advantageous than observed in our meta-analyses as most studies lasted for less than one 

year. Most studies also had close follow-up by clinicians during the CIPII period, while this 

follow-up in most studies seems less rigorous during CSII treatment; this is a potential 

source of bias. 

 Stabilised BG levels are a significant improvement in patients with MD1. In some studies, 

we observed a reduced frequency of severe hypoglycaemic events and less time spent in 

severe hypoglycaemia during CIPII. It is noteworthy that these effects were observed in 

combination with reduced HbA1c levels as the frequency of hypoglycaemias usually 

increase with improved glucose control evaluated by decreased HbA1c levels. Most would 

hold as a significant achievement that the combination of decreased glucose levels and 

fewer episodes of severe hypoglycaemia can be achieved only by changing the site of 

insulin delivery. In our mind, this underlines the potential of IP insulin delivery for the 

future treatment of DM1. 

Paper I is the first systematic review comparing CIPII with CSII only, i.e., comparing per se 

the two different sites of insulin delivery while keeping other variables as equal as possible. 

We hold that it is essential to compare the effects of IP and SC insulin delivery per se, as 

other systematic reviews showed lower HbA1c levels during CSII compared to MDI in 

paediatric patients [310] and adults with DM1 [311].  

Previously published systematic reviews in patients with DM1 using CIPII investigated IP 

insulin administration in patients on peritoneal dialysis [312] and CIPII with implantable 

insulin pumps [313]. However, the comparisons were performed in SC insulin 

administration in general, including both CSII and MDI.  

The first systematic review observed that daily insulin dose was two-fold higher than during 

SC insulin delivery [312]. In our systematic review, in one out of 23 studies, the daily insulin 

dose increased during the CIPII compared to the CSII; other studies reported no differences 
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in the daily insulin dose. Increased daily insulin dose could be explained by peritoneal 

dialysis mechanical damage on peritoneal mesothelium and aggravation of peritoneal 

fibrosis leading to decrease of ultrafiltration [314] and delayed absorption of insulin. 

Further, the large volumes of fluid deposited in the peritoneal cavity would dilute the 

insulin delivered in the same site. Theoretically, instead of being dissolved in a few 

millilitres of fluid, the same amount of insulin would be dissolved in several millilitres of 

fluid. It would be strange if the absorption of insulin was unaffected by this major change 

in insulin concentration [205].  
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Figure 26. Subgroup meta-analysis for HbA1c (%) in DM1 patients during CIPII treatment compared to controls 

(CSII). All 19 studies were arranged in four subgroups: according to HbA1c levels before starting CIPII treatment 

(≤ 7 % and > 7 %); according to study type (Case-Control studies and Crossover studies); according to length of 

the CIPII-period (≤ 6 months and > 6 months); according to whether or not there was an additional controlled 

CSII follow-up-period with subsequent CIPII-period. Additional subgroup was made and sorted by length of 

CIPII-period.  
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6.3.2. IP insulin delivery (Paper II) 

In paper II, we observed that 5 U and 10 U IP insulin boluses have a similar glucose-lowering 

effect. However, circulating insulin levels were higher after the 10 U insulin IP bolus. A 

similar observation was made in rat study after IV insulin boluses [315]. The hepatic first-

pass effect was observed with distinguishable hepatic saturation of insulin and minimal 

absorption in kidneys, muscles, and skin [315]. The fact that despite doubling the IP insulin 

boluses from 5 U to 10 U, barely any further decrease in circulating BG levels was observed 

is compatible with the liver being saturated with insulin after a 5 U IP bolus and no 

additional effect on hepatic glucose disposal was achievable despite increased IP insulin 

doses. Similar results were observed in human studies where higher insulin doses were 

provided during the IP insulin treatment without any increase in hypoglycemic events than 

SC insulin delivery [201]. However, in this particular study, two different insulin analogues 

were used for CIPII and SCII treatment. It could be essential to compare the exact same 

insulin analogues because each insulin analogue in the same route has different 

pharmacokinetics (Fig 27) that affect pharmacodynamics. 

By including three IP insulin doses (2 U, 5 U, and 10 U), we observed three different 

reactions: (1) no impact on BG levels and no impact on change in circulating insulin levels; 

(2) lowering effect on BG levels and no impact on change in circulating insulin levels; and 

(3) lowering effect on BG levels and elevation of circulating insulin levels. Depending on the 

site of delivering insulin, it is crucial to know beforehand the needed dose. Low-dose insulin 

administration primarily inhibits hepatic glucose production [68]. On the contrary, high-

dose IV insulin infusion decreases hepatic glucose production and increases glucose uptake 

in the tissues [316].  

The results from paper II are used in the development of an algorithm for an IP AP system 

by the APT research group.   
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Figure 27. Pharmacokinetics of currently available insulin delivery options. Serum insulin concentration after 
insulin injection at time zero for various insulin formulations and delivery routes. Reused without changes from 
Lee et al. [317]. 

6.3.3. IP vs. SC vs. IV glucagon delivery (Paper III) 

Paper III shows that IP, SC, and IV delivery of glucagon all induces a glucose response. Thus, 

our paper confirms the already known glucagon elevating effect on BG levels [318]. This 

paper also shows that glucose response is faster after IP glucagon boluses and with an 

earlier decline in BG levels compared to SC glucagon boluses. Earlier glucose response after 

IP glucagon administration was confirmed in experiments in pigs [255]. It is not possible to 

compare the present results with previous studies, as BG levels measurements were not 

taken frequently enough for detailed and precise descriptions of BG levels change after IP 

or SC glucagon boluses [251, 252, 318]. The results from paper III are used in the 

development of the algorithm for an IP AP system by the APT research group.  

Compared with SC glucagon absorption, IP glucagon absorption may be faster due to a 

shorter distance to reach the capillaries and easier diffusion into the bloodstream. Previous 

studies reported that most intraperitoneally injected glucagon enters the portal vein and 

passes the liver, with approximately 30 % hepatic extraction, before entering the systemic 

circulation [319]. In our rat study, we limited our analyses to BG measurement only after 

IV, SC and IP glucagon boluses, as, for taking frequent blood samples, volume per one 

sample could not exceed 35 µl. Therefore, it was impossible to estimate how much 

glucagon was present in the blood after boluses. However, we observed that BG levels 

increased similarly after IP and after IV glucagon delivery, as reported in another study 

[319].  
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Another positive observation during the rat study was that BG increase by 2.5 – 3.0 mmol/L 

after a small glucagon dose of 5 µg/kg. This BG level increase was observed in all routes, 

i.e., IP, SC, and IV, showing that mini-boluses of glucagon could be used in an AP to reduce 

hypoglycaemia without producing subsequent hyperglycaemia. This was confirmed in 

another study from the APT research group in pigs [255]. However, this will have to be 

investigated further in awake pigs as anaesthetised pigs showed lower glucose elevation 

after IP and SC glucagon administration as compared to rat study [255]. 

6.3.4. Strengths and limitations 

In our systematic review, we included only studies that applied continuous insulin infusion. 

Thus, we minimised potential confounding effects introduced by different procedures 

related to insulin delivery other than the site of injection. During MDI, repeated use of the 

same injection site increases the risk of lipoatrophy over time. These areas are pain-free; 

therefore, patients tend to continue to use them. However, the absorption of insulin from 

lipoatrophic areas is inconsistent, leading to frequent difficulties to achieve normal BG 

control [320]. Using MDI, incidental injections of insulin in IM tissues could happen, 

particularly in slim and average weight DM1 patients. 

In our studies on IP insulin delivery, we included more animals than other comparable 

studies. Further, we performed some additional experiments with SC insulin delivery to be 

able to compare IP to SC insulin delivery in the same animal model. However, it should be 

noted that these pigs were mainly used to study IP glucagon delivery. The additional 

experiment did not in any way influence the results of the original study studying the effect 

of different IP glucagon boluses. 

As rats, pigs and humans have some differences in metabolism, structure, size and DNA, 

paper II and paper III should be considered only as pilot studies. Our studies in rats and 

pigs should be confirmed in future studies in humans, preferentially in patients with DM1. 

During the preparation of the study protocols, we considered the total amount of blood 

that could be withdrawn without affecting the animal's wellbeing during and after the 

experiments. By meticulously planning this and cutting down on the volume of each 

sample, we could draw frequent blood samples allowing for more precise results.   

We protocoled and described every step and complication encountered during the analysis 

of studies for the systematic review and during our animal experiments; thus, providing 

transparency and open research. By incorporating an accurate description of our 

procedures, we tried to increase our studies' reproducibility; thus, increasing the value of 

our research and studies that would be produced based on our provided information. We 

provided extensive supplementary materials by including all calculations and figures that 
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could give more profound insight into the results and provide additional discussion. In 

particular, we hold that our meticulous reporting of our animal studies will be valuable for 

other researchers as the challenges that we encountered can be avoided. Thereby, in 

future studies, the number of included animals can be reduced. 

The studies included in this thesis hold some limitations that were mentioned in Materials 

and methods (Chapter 4) and Methodological consideration (section 6.1). Briefly, some of 

the studies included in paper I had spare some methodological descriptions; thus, 

comparing individual studies was nearly impossible and affected the overall result 

description. Another limitation was that the CIPII period variated between studies (2– 48 

months); thus, possibly introducing bias of CIPII treatment on metabolism compared to CSII 

treatment. 

In paper II, the weights of the animals varied somewhat (36.0 – 42.6 kg) while insulin 

boluses were fixed. The number of included animals for IP insulin delivery was small (n = 8) 

and even smaller for SC insulin delivery (5 U SC insulin bolus, n = 1; 10 U SC insulin bolus, n 

= 2). Thus, this study should only be considered a pilot study with necessary future 

repeated experiments, possibly in awake pigs. Because all animals were anaesthetised 

during the study, obtained data may not reflect the awake animal dynamics of insulin 

absorption and glucose effects. The last limitation in the study could be the accumulation 

of different amounts of IP fluid in the peritoneum during the experimental days, therefore, 

possibly affecting insulin absorption. However, it should be mentioned that, overall, the 

observations in the review (paper I) and the observed effect of IP insulin delivery in pigs 

(paper II) are not contradictory but rather support each other. 

A major limitation of the observations in paper III is the blind IP glucagon injections in the 

rats. We do not have 100 % certainty about the exact location of the needle during the 

injection. Although we believe that glucagon was injected IP, the needle tip could have 

been in the wall of the intestines or the lumen of the intestines. However, to minimize the 

error, rats were held in a position that gives better access for injection into the peritoneal 

cavity.   

6.4. Relevance for development of IP AP  

Absorption of exogenous insulin administration in patients with DM1 should be fast, 

effective and predictable. However, even with the most fast-acting meal insulin, present 

SC insulin injections show delayed insulin absorption and effect, with high variability of 

effectivity and low predictability of glucose-lowering. The work underlying this thesis 

aimed to investigate the possibilities and advantages of using the IP space as an alternative 

location for an AP system by investigating and comparing insulin pharmacodynamics and 
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pharmacokinetics after administration in IP space and SC tissues. In addition, glucagon 

pharmacodynamics were investigated after administration in IP space and SC tissues.  

This thesis strongly indicates that improved glucose control is achieved by simply by 

changing from CSII to CIPII. CIPII per se could improve HbA1c levels in patients with DM1. 

During CIPII, insulin absorption is faster, maximum levels are higher, and circulating levels 

declines earlier than with CSII treatment. This shorter feedback loop would be an obvious 

advantage in an AP making improved glucose control easier to achieve. 

Another noteworthy observation presented in the Paper I, is that no metabolic 

disadvantages were observed during CIPII compared to CSII treatment. During the 

extraction of data for the Paper I with a focus on complications after surgical intervention 

to establish IP access, not all authors reported ongoing complications and errors during the 

studies. Severe complications were reported in one study [321], presuming that was the 

reason for extensive drop-out during the study (almost 50 %). In another study, severe pain 

was explained as a too-long catheter inserted in the abdominal space and erythema was 

observed for all patients; successfully, local cleaning and disinfection removed the 

condition [322]. Moreover, reasons for catheter explantation or replacement were the 

individual reaction of a catheter which resulted in encapsulation of the tip of a catheter; 

reasons for pump replacement were insulin infusion system errors. These results indicate 

that the IP space can be used as a possible location for an AP, with minimal infection 

possibility.  

The Paper II underline the importance of the liver in glucose homeostasis as a first-pass 

effect after a smaller IP insulin dose approached 100 %. Our observations were not 

supported by portal vein blood samples. However, it was observed that after a small IP 

insulin bolus (5 U), BG levels decreased without observed elevation of the systemic insulin 

levels. After the larger IP insulin boluses, the glucose-lowering effect of insulin achieved in 

extrahepatic tissues throughout the body was quite minor compared to the hepatic effect. 

This is an important observation when the algorithm for an IP AP should be established. 

This thesis provides new basic knowledge related to IP delivery of insulin and glucagon. 

Paper II present results underlining that the algorithms in an AP with IP insulin delivery 

need to reflect the non-linear relationship between IP insulin delivered and the subsequent 

effect on systemic circulating glucose levels. Paper III indicated faster glucose response 

after IP glucagon injection; thus, it gives further insight into the potential benefits of IP bi-

hormonal AP.  
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7. Concluding remarks  

In this thesis, we found that CIPII can improve BG levels of DM1 patients with brittle 

diabetes or uncontrolled with CSII. CIPII treatment improves HbA1c levels, reduces severe 

hypo- and hyperglycaemic events and increases time spent in normoglycaemia. We found 

that IP insulin administration has a pattern more similar to endogenous insulin secretion, 

such as early insulin peak and early insulin level decline in circulating blood.   

We found that two different IP insulin boluses (5 U and 10 U) have more or less the same 

effect on BG levels but very different effects on circulating insulin levels that were 

increased insulin levels only after the highest insulin boluses (10 U). Our pig experiments 

also indicate a more extensive first-pass effect and insulin absorption in the liver than 

previously anticipated. This indicates a non-linear association between IP insulin boluses 

and the impact of circulating BG levels. This is important knowledge in future work on an 

IP AP. 

We found that IP glucagon injections gives higher BG levels elevation only after four 

minutes and affects BG levels for a shorter period than SC glucagon injections. This is 

compatible with IP glucagon reaching the primary target, the liver, earlier than after SC 

glucagon injection. Also, IP glucagon is subject to a first-pass effect in the liver, potentially 

reducing the risk of systemic adverse effects of frequent long-term use of glucagon in an IP 

AP compared to an AP with SC delivery of hormones. 

Summarising all observations on the thesis, we hold that an IP bi-hormonal AP system has 

a greater potential to achieve satisfying glucose control compared to an SC approach. This 

thesis also gives important information on the effects of IP hormone delivery and, as such, 

is an essential basis for the future work on an IP AP by the APT research group. 
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8. Future perspectives 

All patients included in the studies in the paper I had normal weight (on average 75 kg or 

BMI 25 kg/m2). Thus, it would be of great interest to compare patients with overweight 

and/or underweight.  

In the future, all studies that follow the inclusion criteria of the systematic review should 

be uploaded for the meta-analysis. 

Future research with animal studies should focus on awake animals to avoid reduced 

intestinal motility and anaesthetics negative side effects on BG levels. 

Data collected during the animal studies will be used to identify mathematical models to 

be used in both for simulating ʻvirtual patientsʼ and in a controller for the AP system. 

Data from the pig experiments should be considered when other research groups make 

mathematical models, focusing on the first-pass effect of insulin, specifically for IV and IP 

insulin administration. 

Our systematic review paper and animal studies included in the thesis can alter how people 

look at IP insulin administration and possibly motivate more research and development in 

that direction. 
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Abstract

The intraperitoneal route of administration accounts for less than 1% of insulin treatment

regimes in patients with diabetes mellitus type 1 (DM1). Despite being used for decades, a

systematic review of various physiological effects of this route of insulin administration is

lacking. Thus, the aim of this systematic review was to identify the physiological effects of

continuous intraperitoneal insulin infusion (CIPII) compared to those of continuous subcuta-

neous insulin infusion (CSII) in patients with DM1. Four databases (EMBASE, PubMed,

Scopus and CENTRAL) were searched beginning from the inception date of each database

to 10th of July 2020, using search terms related to intraperitoneal and subcutaneous insulin

administration. Only studies comparing CIPII treatment (� 1 month) with CSII treatment

were included. Primary outcomes were long-term glycaemic control (after� 3 months of

CIPII inferred from glycated haemoglobin (HbA1c) levels) and short-term (� 1 day for each

intervention) measurements of insulin dynamics in the systematic circulation. Secondary

outcomes included all reported parameters other than the primary outcomes. The search

identified a total of 2242 records; 39 reports from 32 studies met the eligibility criteria. This

meta-analysis focused on the most relevant clinical end points; the mean difference (MD) in

HbA1c levels during CIPII was significantly lower than during CSII (MD = -6.7 mmol/mol,

[95% CI: -10.3 –-3.1]; in percentage: MD = -0.61%, [95% CI: -0.94 –- 0.28], p = 0.0002),

whereas fasting blood glucose levels were similar (MD = 0.20 mmol/L, [95% CI: -0.34–0.74],

p = 0.47; in mg/dL: MD = 3.6 mg/dL, [95% CI: -6.1–13.3], p = 0.47). The frequencies of

severe hypo- and hyper-glycaemia were reduced. The fasting insulin levels were signifi-

cantly lower during CIPII than during CSII (MD = 16.70 pmol/L, [95% CI: -23.62 –-9.77], p <
0.0001). Compared to CSII treatment, CIPII treatment improved overall glucose control and

reduced fasting insulin levels in patients with DM1.
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Introduction

Patients with diabetes mellitus type 1 (DM1) lack endogenous insulin and are completely

dependent on external insulin delivery. This is usually accomplished by subcutaneous (SC)

delivery, either by multiple daily injections (MDI) or via continuous subcutaneous insulin

infusion (CSII). Despite considerable efforts, most patients with DM1 experience frequent epi-

sodes of hyper- and hypoglycaemia, and they often fail to keep their glucose levels within the

desired range. Hence, alternative treatment options to achieve better glucose control are

desired. Many research groups have explored whether intraperitoneal (IP) insulin delivery can

improve overall glucose control compared with SC insulin administration.

In healthy subjects, insulin is secreted from the pancreas to the liver via the portal vein. In

the portal vein, the insulin concentration can be several times higher than in the systemic cir-

culation [1, 2]. Hepatic insulin extraction from the portal vein during the first pass through the

liver varies between 20% and 80% [3]. After SC insulin injections, the systemic and portal vein

insulin concentrations become more or less equalised, resulting in systemic hyperinsulinemia

and hepatic hypoinsulinemia as compared to the normal physiological conditions in healthy

subjects [4, 5]. Furthermore, the SC route is hampered by a variable and slow insulin absorp-

tion rate and, consequently, a slow onset of its glucose lowering effects [1]. The slow modifica-

tion of glucose levels after administration of SC boluses of insulin is also a challenge in the

development of an artificial pancreas (AP) that relies on SC administration [6].

Animal trials have shown that IP insulin administration appears to be more physiological

than SC insulin administration [7], as a substantial percentage of IP administered insulin is

primarily absorbed via the portal vein [8] and at a faster rate [9]. Accordingly, IP insulin

administration is a promising means of achieving improved glucose control compared to the

SC route [10]. Furthermore, IP insulin delivery may also prove to be an advantage for the

implementation and use of an AP [6]. However, being an invasive treatment, IP administra-

tion of insulin also has some disadvantages, although the overall risk profile as compared to SC

insulin treatment remains unknown.

We hypothesised that the CIPII normalises metabolic processes in the patients with DM1

compared to the CSII. The aim of this systematic review was to identify possible differences in

the physiological effects related to CIPII versus CSII insulin administration in patients with

DM1. More specifically, we aimed to determine the following: (i) whether there were benefits

and harms associated with CIPII versus CSII insulin administration in patients with DM1; and

(ii) whether there were methodological characteristics that could explain the divergent out-

comes of previous studies. There is a lot of available information about IP versus SC insulin

administration; however, more explicitly, studies with comparisons with CIPII versus CSII are

limited. Meanwhile, these studies present a wide range of metabolic analyses; therefore, in this

systematic review, we included clinically most relevant physiological changes during CIPII

versus CSII-treatment periods.

Materials and methods

The protocol followed the PRISMA and Cochrane Handbook guidelines and was registered

with the International Prospective Register of Systematic Reviews (PROSPERO) on the 30th of

June 2016 (registration number CRD42016040124).

Search strategy

Systematic searches were performed in PubMed, EMBASE (Medline/Ovid), The Cochrane

Library’s CENTRAL database (Wiley Online Library), and Scopus. A librarian assisted in

developing the search strategy (S1 Table in S1 File). Searches for trial protocols registered with
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ClinicalTrials.gov and the International Standard Randomized Controlled Trial Number

(ISRCTN) registry were also performed. Furthermore, the International Clinical Trials Regis-

try Platform Search Portal was used to search for ongoing or recently completed trials. Disser-

tation Abstracts, Electronic Thesis Online Service (EthOS) and Network Digital Library of

Theses and Dissertations database were additionally searched. For all relevant material, all ref-

erences were checked to identify additional material (grey literature). The last search was per-

formed on the 10th of July 2020.

All abstracts and titles of articles from the systematic search were uploaded to Distiller SR

software. Two reviewers (IDF and MKÅ) independently screened the reports and abstracts based

on predefined inclusion and exclusion criteria. During the data evaluation, we decided to restrict

the results to the effects of CSII and CIPII only (see the ‘Changes in the systematic review com-

pared to the Protocol’ section in the S1 File). When any disagreement occurred, two consultants

with expertise in endocrinology (SCC and SMC) independently evaluated the material.

Eligibility criteria

Types of studies. All reports and abstracts from studies addressing the physiological

effects of CIPII versus CSII in DM1 patients were included, including controlled trials, obser-

vational studies, case series (> 1 case), case reports (single case), as well as abstracts from clini-

cal and scientific conference presentations.

Participants and interventions. Studies were determined to be eligible if CIPII treatment

was compared to CSII treatment in DM1 patients. The CIPII treatment had to exceed one

month in duration (including the wound healing period after establishing the abdominal port

for insulin delivery). The minimum follow-up for the evaluation of glycated haemoglobin A1c

(HbA1c) levels was set to three months, as HbA1c reflects the average glucose levels of the pre-

vious 120 days (the average erythrocyte life span) [11]. Consequently, as the follow-up was less

than three months in two studies, they were excluded from the HbA1c analyses [12, 13].

Outcome measures. Any outcome reported in any of the included studies was included in

the systematic review.

The primary outcomes included the following: (1) glycaemic control (HbA1c levels, fasting

blood glucose (fasting BG) levels, hypoglycaemia, and hyperglycaemia); and (2) insulin levels

(fasting insulin levels, time to reach peak insulin concentrations, maximum insulin levels, and

time until insulin levels return to the basal level) and the mean daily insulin dose.

The secondary outcomes included any reported variable other than those listed in the pri-

mary outcomes. These included the following: (1) glycaemic control (self-monitoring of blood

glucose (SMBG), mean daily BG levels, time spent in normoglycaemia, and glucose variabil-

ity); (2) intermediate metabolites (triglycerides, cholesterol, free fatty acids, lactate, ketone

bodies, and apolipoproteins); (3) counterregulatory hormones and other hormones (glucagon,

catecholamines, growth hormone, insulin-like growth hormones, and binding proteins); (4)

other metabolic outcomes (levels of anti-insulin antibodies (AIA), sex hormone binding glob-

ulin (SHBG), and plasminogen activator inhibitor-1 (PAI– 1)); and (5) any technical and/or

physiological complications reported during CIPII treatment.

Data extraction

IDF and SCC independently extracted the data from each eligible study, including information

on trial design and experimental interventions, the type of comparator, insulin dosage, the fre-

quency and duration of treatment, patient characteristics (age, sex, mean duration of diabetes,

types of other symptoms, and the mode of insulin delivery), number of included patients,

duration of follow-up, and inclusion and exclusion criteria. When we encountered missing
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information, we contacted the authors for further clarification. Five out of ten authors responded

to our request for information, although only two of them provided informative answers.

Statistical analysis

Web-based tools were used to convert glucose concentration from mg/dL to mmol/L, HbA1c

from percentages to mmol/mol [14], insulin levels from mU/L to pmol/L [15], and lipid levels

from mg/dL to mmol/L [16].

Data were extracted from text, tables, and figures in the included reports. Data that were

extracted from the figures of three studies [17–19] may be inaccurate due to the low-resolution

of the figures. Data presentations in which no p-values were reported were assigned to the ‘p-

value not calculated’ category when comparing CIPII to CSII periods/treated patients (S2.1–

2.5 and S2.9–2.13 Tables in S1 File). Raw data and data for individual participants were

extracted from six studies [18–23], and the standard deviations (SDs) for mean HbA1c,

SMBG, insulin, cholesterol, or triglyceride levels were calculated using IBM Statistical Package

for the Social Sciences (SPSS) Statistics 26.

If a study reported measurements from several time-points during the CIPII and/or CSII

periods, the data from the final time-point during the CIPII and/or CSII period was selected

for the meta-analysis.

Continuous outcomes were measured and analysed as mean differences and 95% confi-

dence intervals (MD, 95% CI); skewed data and non-quantitative data were presented descrip-

tively [24]. A meta-analysis was performed on the primary outcomes including HbA1c, fasting

BG, and fasting insulin levels, and daily insulin dose, and the secondary outcomes including

SMBG, cholesterol, and triglyceride levels using STATA software (Stata Corp. 2019. Stata Sta-

tistical Software: Release 16. College Station, TX: Stata Corp LLC) (Figs 2–7 and S1 –S7c Figs

in S1 File). A meta-analysis could not be performed for the other secondary outcomes (levels

of free fatty acids, lactate, ketone bodies, apolipoproteins, glucagon, adrenaline, noradrenaline,

growth hormone, insulin-like growth factor, insulin-like growth factor binding proteins, sex

hormone binding globulin, anti-insulin antibodies, and plasminogen activator inhibitor 1)

due to the diversity in the presentation of the results (e.g., mean values, mean difference, only

p-values, or only text descriptions without exact numbers) (S2.1 –S2.14 Tables in S1 File).

When required, the SDs were derived from the available standard errors of the mean (SEM)

and the number of participants (S2.9 –S2.14 Tables in S1 File) using the calculator in the Review

Manager software (RevMan, version 5.3). When the outcome variables were continuous mea-

surements, the mean difference (MD) was used as the effect size. The heterogeneity was esti-

mated with random effects models and restricted maximum likelihood as the analysis model.

The heterogeneity was estimated by the I2 statistic and categorised as follows: a) heterogeneity

that might not be important (0–40%), b) may represent moderate or substantial heterogeneity

(40–75%), or c) considerable heterogeneity (75–100%). However, the importance of the

observed value depends on the magnitude and direction of the effects and the strength of the

evidence for heterogeneity [25]. Each study was weighted using STATA software for continuous

outcome variables, based on the SD and the sample size of the study. This weighting determined

how much each individual study contributed to the pooled results estimates [26].

Assessment of the risk of bias

For randomised comparisons, the Cochrane collaboration tools were used to assess the ran-

dom sequence generation, allocation concealment, the blinding of participants and personnel,

the blinding of the outcome assessment, the presence of incomplete outcome data, and selec-

tive reporting and ‘other bias’ [27].
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For observational studies, the STrengthening the Reporting of OBservational studies in Epi-

demiology (STROBE) checklist was used to evaluate items related to the article´s title, abstract,

introduction, methods, results and discussion sections and other information such as funding

[28]. The Quality Assessment Tool (QAT) was used to assess the selection bias, study design,

confounders, blinding, data collection methods, withdrawals and drop-outs, intervention

integrity, and statistical analyses [29].

To validate the quality of case reports and case series, the Institute of Health Economics

(IHE) Quality Appraisal Checklist for Case Series Studies (QACCSS) was used [30]. The evalu-

ation was based on the study objective, study design, study population, intervention and co-

intervention, outcome measures, statistical analysis, results, conclusions, competing interests,

and sources of support.

An evaluation of the risk of bias was performed for all studies by IDF and MKÅ, except for

the case reports. All such evaluations are presented in S2.1 –S2.5 Tables in S1 File. Disagree-

ments were resolved first through discussions between IDF and MKÅ, and, if necessary, by

consulting the clinicians SCC and SMC.

Subgroup analyses were performed for all studies included in meta-analysis. The categories

for the subgroup analyses were: (1) HbA1c levels before starting CIPII treatment (� 7% and>

7%), (2) study type (case-control studies and crossover studies), (3) duration of the CIPII-period

(� 6 months and> 6 months), and (4) whether or not there was an additional controlled CSII

follow-up-period with subsequent CIPII-period. As an additional analysis, studies were sorted by

the duration of the CIPII-period (months) to provide information about changes in the effect

with time. All subgroup analyses are reported in S1 –S7c Figs in S1 File.

Evaluation of heterogeneity between studies was performed for studies reporting HbA1c

levels by meta-regression and bubble plot analysis with 95% CI and linear prediction of

HbA1c levels with CIPII treatment, using CSII controls for comparison.

Heterogeneity of effects was also explored with funnel plots [31] when ten or more studies

were included in the meta-analysis. Assessments for publication bias across studies were per-

formed using graphical (funnel plot) and statistical (Egger’s test: random-effect model, t-distri-

bution) analyses. For quantitative testing of skewness in the funnel plot, the Egger’s test was

chosen to analyse the MD of continuous outcomes.

A cumulative sequential meta-analysis of the studies was performed according to the dura-

tion of the CIPII-period.

Results

Literature selection

On the 10th of July 2020, our literature searches identified 2,263 reports. After the abstract

screening, 109 potentially eligible reports remained (Fig 1). After applying the additional

exclusion criteria, 70 of the 109 reports were excluded. In total, 32 studies describing a total of

39 reports were included in the systematic review, including one full-text article in Italian [32]

and one full-text article in German [33].

CSII, continuous subcutaneous insulin infusion; MDI, multiple daily injections; IPII, intra-

peritoneal insulin infusion; CIPII, continuous intraperitoneal insulin infusion; SPAD, subcuta-

neous peritoneal access device; BG, blood glucose; SMBG, self-monitoring blood glucose.

Systematic review

Twenty-four [12, 13, 17, 18, 20–22, 32, 34–54] out of the 32 studies were cross-over studies

with patients receiving at least three months of CSII treatment prior to 1.5–34 months of CIPII

treatment. Only two of the studies were randomised studies [39, 55]. In the 30 studies that
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Fig 1. Flow chart of the screening and selection of included studies.

https://doi.org/10.1371/journal.pone.0249611.g001
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reported the sex of the participants, more men (n = 167; 55%) than women (n = 136; 45%)

were included in the CIPII period. In these 30 studies, the participants’ ages ranged from 19 to

82 years (Table 1). In the ten studies [12, 13, 19, 22, 32, 33, 35, 38, 53, 56] that did report age

separately for women and men, the mean age (range) was 35.1 (18–61) years in women and

38.9 (19–62) years in men. Ten out of the 32 studies were published in the 2000s; these

included 122 participants during the CIPII period and 170 participants during the CSII period

[23, 34–37, 45–49, 55–61].

Twenty-eight studies originated from single European countries, three from the USA [17,

18, 38], and one study was a multinational study [55] (Table 1). All overviews and procedures

are summarised in the S2.1 –S2.14 Tables in S1 File.

HbA1c values were reported in 19 studies that included a total of 178 participants in the

CIPII-period versus 188 participants in the CSII-period.

Glycaemic control

Meta-analysis: HbA1c. When including all 19 studies (CIPII, n = 178; CSII, n = 188) [17–

19, 32–34, 36–38, 40, 41, 44–53, 58–60, 63] in the random-effect meta-analysis, the HbA1c lev-

els were significantly lower during CIPII treatment than during CSII treatment (MD = -6.7

mmol/mol, [95% CI: -10.3 –-3.1]; in percentage: MD = -0.61%, [95% CI: -0.94 –-0.28],

p = 0.0002; Fig 2). While substantial heterogeneity was present (I2: 67.6%, p> 0.0001) and also

evident in the funnel plot (Fig 3), the relative symmetry of the funnel plot was supported by a

non-significant Egger’s test result (p = 0.293).

Subgroup analysis. In subgroup analysis according to HbA1c levels before starting CIPII

treatment, significantly lower HbA1c levels were observed during CIPII treatment than during

CSII treatment in the subgroup with HbA1c levels > 53.0 mmol/mol (> 7%) and remained

unchanged in the subgroup with HbA1c levels� 53.0 mmol/mol (� 7%) (MD = -8.1 mmol/

mol, [95% CI: -12.5 –-3.8], p< 0.01 and MD = -1.8 mmol/mol, [95% CI: -5.5–1.9], p = 0.33,

respectively; in percentage: MD = -0.74%, [95% CI: -1.14 –-0.35], p< 0.01 and MD = -0.16%,

[95% CI: -0.50–0.17], p = 0.33, respectively; S1c. A and S1d Fig in S1 File). The difference

between the two subgroups was significant (p = 0.03). There was substantial heterogeneity

between the studies with HbA1c levels > 53.0 mmol/mol (> 7%) (I2: 70%, p< 0.01) and no

heterogeneity in the studies with HbA1c levels� 53.0 mmol/mol (� 7%) (I2: 0%, p = 0.72).

In subgroup analysis according to study types, significantly lower HbA1c levels were

observed during CIPII treatment than during CSII treatment in the crossover studies, while

HbA1c levels remained unchanged in the case-control studies (MD -8.2 mmol/mol, [95% CI:

-11.9 –-4.6], p< 0.01 and MD = 0.8 mmol/mol, [95% CI: -5.5–7.1], p = 0.8, respectively; in

percentage: MD = -0.75%, [95% CI: -1.09 –-0.42], p< 0.01 and MD = 0.07%, [95% CI: -0.50–

0.65], p = 0.8, respectively; S1c. B and S1d Fig in S1 File). The difference between the two sub-

groups was significant (p = 0.01). In both study type subgroups there was a substantial amount

of heterogeneity (I2: 62%, p< 0.01 and I2: 34%, p = 0.19, respectively).

In subgroup analysis according to duration of the CIPII-period, significantly lower HbA1c

levels were observed in the subgroup with a longer CIPII-period (> 6 months) while HbA1c

levels remained unchanged in the subgroup with a shorter CIPII-period (� 6 months) (MD =

-10.7 mmol/mol, [95% CI: -15.2 –-6.1], p< 0.01 and MD = -2.3 mmol/mol, [95% CI: -6.2–

1.6], p = 0.25, respectively; in percentage: MD = -0.98%, [95% CI: -1.39 –-0.56], p< 0.01 and

MD = -0.21%, [95% CI: -0.57–0.15], p = 0.25, respectively; S1c. C and S1d Fig S1 File). The dif-

ference between the two subgroups was significant (p = 0.01). In both subgroups of CIPII

treatment duration there was substantial heterogeneity (I2: 56%, p = 0.01 and I2: 49%, p = 0.06,

respectively).
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Table 1. Characteristics of studies included in the systematic review.

Study Study

design

Number of

Participants

Sex (Male or

Female)

Age (mean±SD

or range) (years)

HbA1c at

inclusion (% or

range)

CSII minimum

period (month)

CIPII minimum

period (month)

Giacca et al. 1993 (France) [39] RCs 5 1/4 31–50 7.4 96 hours 3

Liebl et al. 2009 (Multinational) [55] RFUs CIPII: 15 CIPII: M:11/

4

CIPII: 50.5 CIPII: 8.2 6 12

CSII: 21 CSII: M: 9/

12

CSII: 45.3 CSII:8.3

Micossi et al. 1986 (Italy) [13] NRCs 6 3/3 22–50 7.25 12 1 ½
Beylot et al. 1987 (France) [12] NRCs 4 3/1 36–51 7.6 (5.0–9.2) 2 2

Wredling, Adamson et al. 1991

(technical report) (Sweden) [53]

NRCs 6 4/2 31–49 8.7 (7.0–9.5) 12 15

Wredling, Liu et al. 1991 (Sweden)

[54]

NRCs 6 4/2 31–49 7.7–10.2 24 6.9

Georgopoulos et al. 1992 (USA) [38] NRCs 7 5/2 19–40 9.83 (7.4–12.0) ND 12

Pitt et al. 1992 (USA) [18] NRCs 10 8/2 19–56 9.1 3 34a

Renard et al. 1993 (France) [22] NRCs 8 6/2 31–53 ND 2.4 12

Georgopoulos et al 1994 (USA) [17] NRCs 8 5/3 37±7 9.4 ND 6

Lassmann-Vague et al. 1994 (short

communication) (France) [44]

NRCs 11 5/6 21–48 7.0 6 3

Raccah et al. 1994 (letter) (France)

[51]

NRCs 11 6/5 21–48 6.9 3 10

Schnell et al. 1994 (Germany) [52] NRCs 5 1/4 25–62 9.8 39 12

Lassmann-Vague et al. 1995/1998

(article/letter) (France) [20, 21]

NRCs 15 8/9 ND ND 1 24

Guerci et al. 1996 (France) [40] NRCs 14 9/5 40±6.2 6.1 14.2 4

Hanaire-Broutin et al. 1996 (France)

[41]

NRCs 18 11/7 25–65 7.6 3 12

Lassmann-Vague et al. 1996 (France)

[43]

NRCs 11 6/5 36.9±9 7.7 ND 2

Pacifico et al. 1997 (Italy) [32] NRCs 8 5/4 18–50 6.5 3 12

Oskarsson et al. 1999 (Sweden) [50] NRCs 7 5/2 36–50 8.5 6 11

Oskarsson et al. 2000 (Sweden) [49] NRCs 7 5/2 36–50 8.6 12 11

Duvillard et al. 2005/2007 (brief

report/article) (France) [36, 37]

NRCs 7 6/1 48±6.5 7.34 ND 3

Liebl et al. 2013/2014 (c.p) (Germany)

[45–48]

NRCs 12 2/10 28–82 9.0 ND 12

Dassau et al. 2017 (France) [35] NRCs 10 7/3 18–65 7.7 102 1

Jeandidier et al. 1992 (preliminary

results) (France) [42]

Retro.Cs 8 ND 33.5±2.9 6.64 ND 10

Catargi et al. 2002 (France) [34] Retro.Cs 14 5/9 50.6±12.8 7.8 1.5 3

Jeandidier et al. 2002 (France) [57] NRFUs CIPII: 13 CIPII: 6/7 CIPII: 36.8±1.7 CIPII: ND 6 6

CSII: 11 CSII: 6/5 CSII: NDCSII: 43.1±3.4

Van Dijk et al. 2016 NRFUs CIPII: 39 CIPII: 14/25 CIPII: 18–70 CIPII: 8.3 48 48

Van Dijk et al. 2020 (The

Netherlands) [23, 62]

CSII: 74 CSII: 30/44 CSII: 48±12 CSII: 7.9

Colette et al. 1989 (France) [63] C-Cs CIPII: 13 CIPII: ND CIPII: 30±3 CIPII: 8.0 7 10

CSII: 11 CSII: ND CSII: 32±3 CSII: 8.9

Selam et al. 1989 (UK) [19] C-Cs CIPII: 6 CIPII: 4/2 CIPII: 25–43 CIPII: 8.3 12 6

CSII: 8 CSII: 5/3 CSII: 26–67 CSII: 8.7

Walter et al. 1989 (Germany) [33] C-Cs CIPII: 6 CIPII: 6/0 CIPII:21–39 CIPII:8.0 6 3

CSII: 6 CSII: 6/0 CSII:23–31 CSII:7.9

(Continued)
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In subgroup analysis according to whether or not there was an additional controlled CSII

follow-up-period, significantly lower HbA1c levels were observed in both subgroups (MD =

-6.7 mmol/mol, [95% CI: -11 –-2.3], p = 0.003 and MD = -7.0 mmol/mol, [95% CI: -12.7 –-

1.3], p = 0.015, respectively; in percentage: MD = -0.61%, [95% CI: -1.01 –-0.21], p = 0.003 and

MD = -0.64%, [95% CI: -1.16 –-0.12], p = 0.015, respectively; S1c. D and S1d Fig in S1 File),

with no significant difference between the subgroups (p = 0.93). There was substantial hetero-

geneity in both subgroups (I2: 72%, p< 0.01 and I2: 45%, p = 0.17, respectively).

Meta-regression. The regression coefficient for duration of the CIPII treatment was - 0.068

(p> 0.002). Thus, with every month of the CIPII treatment HbA1c decreased 0.7 mmol/mol

(in percentage: 0.068%). The proportion of between-study variance explained by the duration
of CIPII-period (R2) was 52%. The residual variation was due to substantial heterogeneity (I2:

49%, p = 0.014). In addition, a bubble plot of the observed effect size against the duration of

CIPII-period overlaid with the predicted regression and confidence-interval lines, shows a

similar pattern (S1e Fig in S1 File). This pattern was also observed in the subgroup meta-analy-

sis with duration of CIPII-period in months (S1d Fig S1 File).

Cumulative meta-analysis. To evaluate the change in HbA1c levels with time during CIPII

treatment compared to that during CSII treatment, a cumulative meta-analysis was performed

(S1f Fig in S1 File). The results indicated that the HbA1c levels were progressively lower during

CIPII treatment than during CSII treatment. The total difference became statistically signifi-

cant (p< 0.05) after the inclusion of the study by Georgopoulos et al. [38] (MD = -5.3 mmol/

mol, [95% CI: -9.7 –-0.8], p = 0.023; in percentage: MD = -0.48%, [95% CI: -0.89 –-0.07],

p = 0.023), and the tendency of decrease in the MD during CIPII treatment, compared to that

during CSII treatment, remained significant throughout the analysis (-5.1 to -5.7 mmol/mol,

in percentage: -0.47 to -0.61%).

Neither of the two randomised studies [39, 55] was included in the meta-analysis to assess

the effect of treatment on HbA1c levels, as the mean and SD or SEM values were not reported.

Detailed information about all studies and reported results pertaining to glycaemic control

is available in S2.1 Table in S1 File.

Meta-analysis: Fasting blood glucose. When including all five studies that reported fast-

ing BG (CIPII, n = 39; CSII, n = 41) [12, 19, 34, 42, 49], the fasting BG levels remained

unchanged during CIPII treatment compared to those during CSII treatment (MD = 0.20

mmol/L, [95% CI: -0.34–0.74], p = 0.47; in mg/dL: MD = 3.6 mg/dL, [95% CI: -6.1–13.3],

p = 0.47; Fig 4). The heterogeneity between the studies was low (I2: 32%, p = 0.14).

Subgroup analysis. The mean difference in blood glucose levels was not different in any of

the subgroups analysed (S2b Fig in S1 File).

Table 1. (Continued)

Study Study

design

Number of

Participants

Sex (Male or

Female)

Age (mean±SD

or range) (years)

HbA1c at

inclusion (% or

range)

CSII minimum

period (month)

CIPII minimum

period (month)

Hedman et al. 2009/2014; Arnqvist

et al. 2010 (c.p/article; c.p) (Sweden)

[58–60]

C-Cs CIPII: 10 CIPII: 5/5 CIPII: 53.1±9.1 CIPII: 8.6 6 6

CSII:20 CSII:10/10 CSII:7.9CSII:52.8±9.0

Catargi et al 2000 (case report)

(France) [56]

CR 1 1/0 32 ND 6 1.5

RCs, randomised crossover study; RFUs, randomised follow-up study; NRCs, non-randomised crossover study; Retro.Cs, retrospective crossover study; C-Cs, case-

control study; NRFUs, non-randomised follow-up study; CR, case report; CIPII, continuous intraperitoneal insulin infusion; CSII, continuous subcutaneous insulin

infusion; ND, no data available; c.p, conference poster; a, available glycaemic control data for the first 18 months.

https://doi.org/10.1371/journal.pone.0249611.t001
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The group difference in fasting BG levels remained unchanged during CIPII treatment

compared to that during CSII treatment whether the HbA1c levels before starting CIPII

were� 53.0 mmol/mol (� 7%) or > 53.0 mmol/mol (> 7%) (p = 0.34); according to study

type (case-control studies vs crossover studies) (p = 0.07); and whether or not there was an

additional controlled CSII follow-up-period with subsequent CIPII-period (p = 0.74) (S2a and

S2b Fig in S1 File). Subgroup analysis according to the duration of the CIPII-period could not

be performed because all the included studies had a short CIPII-period (� 6 months).

Other primary outcomes: Hypoglycaemia. In total, ten studies reported outcomes

related to hypoglycaemia. Out of these studies, seven reported on mild hypoglycaemia [13, 18,

35, 42, 49, 50, 55] and five reported on severe hypoglycaemia [18, 22, 32, 45–48, 55], most of

which defined severe hypoglycaemia as cases requiring assistance (requiring hospitalisation or

IV glucose administration, or events accompanied by unconsciousness or seizure). One rando-

mised study observed a significantly reduced frequency of severe hypoglycaemia during the

CIPII-period compared to that during the CSII-period (0.35 vs 0.86 events per patient-year,

p = 0.013) [55]. The frequency of severe hypoglycaemic events was unchanged for the first

three months of CIPII treatment, whereas it was reduced in the subsequent nine months (0.72

vs 0.15 events per patient-year, respectively, p-value not calculated) [55].

Three studies reported, respectively, zero [22], 0.43 [18], and 1.5 [45–48] severe hypoglycae-

mic events per patient-year during the CIPII-period versus 0.54 [22] and 12 [45–48] events per

patient-year during the CSII-period. One study did not provide data for the CSII-period [18].

Among the two studies that reported on hypoglycaemic coma, no such events occurred during

the CIPII-period [18, 22] compared to 0.54 events per patient-year during the CSII-period

Fig 3. Funnel plot of HbA1c (%) during CIPII treatment compared to that during control treatment (CSII). The funnel plot includes

diagonal lines representing expected distribution of studies in the absence of heterogeneity (95% of the studies should lie within these

diagonal lines). The lines are not strict 95% confidence interval, therefore, referred as ‘pseudo 95% CI’.

https://doi.org/10.1371/journal.pone.0249611.g003
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[22]. No other studies reported on hypoglycaemic coma during periods of CIPII or CSII. One

study reported no difference in the occurrence of severe hypoglycaemia [32].

One prospective study that evaluated SMBG reported a reduced time spent in hypoglycae-

mia during the CIPII-period (SMBG< 3.9 mmol/L, p< 0.05), whereas the time spent in more

pronounced hypoglycaemia (SMBG < 2.8 mmol/L) was similar between the two treatment

Fig 2. Meta-analysis of HbA1C (%) in patients during CIPII treatment compared to that during control treatment (CSII). Treatment,

continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Studies ordered by effect size (mean

difference) and divided into subgroups: HBA1c levels� 53.0 mmol/mol (� 7%) and HbA1c levels> 53.0 mmol/mol (> 7%) during control

treatment (CSII).

https://doi.org/10.1371/journal.pone.0249611.g002

PLOS ONE Physiological effects of intraperitoneal versus subcutaneous insulin infusion in diabetes mellitus type 1

PLOS ONE | https://doi.org/10.1371/journal.pone.0249611 April 13, 2021 11 / 24



periods [13]. However, four other studies observed no differences in the occurrence of hypo-

glycaemic events (SMBG < 3.0 mmol/L) in the last four weeks of the treatment periods [49,

50], in the frequencies of events per patient-year during those periods [55], or in the occur-

rence of BG levels < 3.8 mmol/L during a 24-hour period (based on a continuous glucose

monitoring (CGM) profile) [35] (S2.1 and S2.8 Tables in S1 File).

Other primary outcomes: Hyperglycaemia. One prospective study that collected CGM

data reported less time spent in hyperglycaemia (BG> 10.0 mmol/L, p< 0.05) during a

24-hour CIPII treatment compared to that during the CSII treatment [35], whereas another

study that assessed SMBG observed no difference in hyperglycaemia (BG> 10.0 mmol/L) dur-

ing a six-week period [13]. However, both studies reported a reduced amount of time spent in

severe hyperglycaemia (BG> 14.0 mmol/L, p< 0.05) during the CIPII treatment compared to

that during the CSII treatment (S2.1, S2.8 Tables in S1 File) [13, 35].

Insulin levels

Meta-analysis: Fasting insulin levels. When including all eight studies that reported fast-

ing insulin levels (CIPII, n = 69; CSII, n = 67) [12, 39, 43, 44, 49–51, 63], the fasting insulin lev-

els were significantly lower during CIPII treatment than during CSII treatment (MD = -16.70

pmol/L, [95% CI: -23.62 –-9.77], p< 0.0001; Fig 5). There was no heterogeneity between the

studies (I2: 0%, p = 0.99).

Subgroup analysis. In subgroup analysis according to HbA1c levels before starting CIPII

treatment, significantly lower fasting insulin levels were observed during CIPII treatment than

during CSII treatment in the subgroup with HbA1c levels > 53.0 mmol/mol (> 7%), while

fasting insulin levels remained unchanged in the subgroup with HbA1c levels� 53.0 mmol/

mol (� 7%) (MD = -16.86 pmol/L, [95% CI: -23.87 –-9.85], p< 0.001 and MD = -9.94 pmol/L,

[95% CI: -54.99–35.11], p = 0.66, respectively; S3a. A and S3b Fig in S1 File). However, there

was no difference between the subgroups (p = 0.77) and there was no heterogeneity in the sub-

groups (I2: 0%, p = 0.95 and I2: 0%, p = 0.75, respectively).

Fig 4. Meta-analysis of fasting blood glucose (mmol/L) in patients during CIPII treatment compared to that during control treatment

(CSII). Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Studies are

ordered by effect size (mean difference).

https://doi.org/10.1371/journal.pone.0249611.g004
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In subgroup analysis according to study types, significantly lower fasting insulin levels were

observed during CIPII treatment than during CSII treatment in the crossover studies while

levels remained unchanged in the case-control studies (MD = -16.61 pmol/L, [95% CI: -23.57

–-9.64], p< 0.001 and MD = -25.70 pmol/L, [95% CI: -94.64–43.24], p = 0.465, respectively;

S3a. B and S3b Fig in S1 File). However, there was no statistical difference between the two

groups (p = 0.80). There was no heterogeneity in both subgroups (I2: 0%, p = 0.97 and I2: 0%,

p = not possible to calculate (n = 1), respectively).

In subgroup analysis according to duration of the CIPII-period, significantly lower fasting

insulin levels were observed during CIPII treatment than during CSII treatment in both sub-

groups (MD = -15.20 pmol/L, [95% CI: -25.98 –-4.43], p = 0.006 and MD = -17.75 pmol/L,

[95% CI: -26.79 –-8.71], p < 0.001, for CIPII-period� 6 months and CIPII-period > 6

months, respectively; S3a. C and S3b Fig in S1 File) with no difference between the subgroups

(p = 0.72). There was no heterogeneity in the subgroups (I2: 0%, p = 0.88 and I2: 0%, p = 0.97,

respectively).

In subgroup analysis according to whether or not there was an additional controlled CSII

follow-up-period, significantly lower fasting insulin levels were observed during CIPII treat-

ment than during CSII treatment in the subgroup without controlled CSII follow-up-period

while levels remained unchanged in the subgroup with controlled CSII follow-up-period (MD

= -16.99 pmol/L, [95% CI: -24.42 –-9.56], p< 0.001 and MD = -14.77 pmol/L, [95% CI:

-33.89–4.34], p = 0.13, respectively; S3a. D and S3b Fig in S1 File), with no difference between

the subgroups (p = 0.83). There was no heterogeneity in the subgroups (I2: 0%, p = 0.89 and I2:

0%, p = 0.89, respectively).

Meta-analysis: Daily insulin dose. When including all 12 studies that reported daily insu-

lin dose (CIPII, n = 131; CSII, n = 141) [13, 17, 32, 36, 37, 41, 42, 44, 49–51, 55, 58–60], the

daily insulin dose remained unchanged during CIPII treatment compared to that during CSII

treatment (MD = 1.30 U/24 hours, [95% CI: -1.60–4.20], p = 0.38; Fig 6), with no heterogeneity

between the studies (I2: 0%, p = 0.96). Homogeneity was also evident in the funnel plot (Fig 7).

Fig 5. Meta-analysis of fasting insulin (pmol/L) in patients during CIPII treatment compared to that during control treatment (CSII). Treatment,

continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Studies ordered by effect size (mean

difference).

https://doi.org/10.1371/journal.pone.0249611.g005
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The relative symmetry of the funnel plot is supported by the non-significant Egger’s test result

(p = 0.621).

Subgroup analysis. The MD in daily insulin dose was not different in any of the subgroups

analysed (S4b Fig in S1 File).

The group difference in daily insulin dose remained unchanged during CIPII treatment

compared to that during CSII treatment, irrespective of whether the HbA1c levels before start-

ing CIPII treatment were� 53.0 mmol/mol (� 7%) or > 53.0 mmol/mol (> 7%) (p = 0.41);

according to study type (case-control studies vs crossover studies) (p = 0.69); according to the

duration of the CIPII-period (p = 0.71); and irrespective of whether or not there was an addi-

tional controlled CSII follow-up-period with a subsequent CIPII-period (p = 0.96) (S4a and

S4b Fig in S1 File).

Other primary outcomes: Time to reach peak insulin concentrations. Three studies, all

using regular human insulin, reported post-bolus systemic insulin levels at specific time-points

(after 30 and 60 minutes for IP administration). All three studies observed earlier maximum

insulin levels during the CIPII treatment compared to the CSII treatment (60 vs 133.6 minutes

(p< 0.006) [54]; 60 vs 180 minutes (p< 0.05) [43]; and 30 minutes vs 60 minutes (p-value not

reported) [19]).

Other primary outcomes: Maximum insulin levels. Two studies reported higher maxi-

mum insulin levels during the CIPII treatment than during the CSII treatment (179.18 vs

125.01 pmol/L, respectively (p< 0.05) [43] and 263.91 vs 145.84 pmol/L, respectively (30 min-

utes after bolus administration, p < 0.05) [19]. Another study reported no difference between

the treatments 30 minutes after administering an insulin bolus [49].

Fig 6. Meta-analysis of mean daily insulin (U/24 hours) in patients during CIPII treatment compared to that during control treatment (CSII).

Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Studies ordered by effect size

(mean difference).

https://doi.org/10.1371/journal.pone.0249611.g006
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Other primary outcomes: Time until insulin levels returned to basal levels. After the

administration of a pre-breakfast insulin bolus, two studies observed that the insulin levels

returned to baseline values after three hours during the CIPII treatment [19, 43] whereas dur-

ing the CSII treatment, insulin levels either returned to baseline values after four hours [19] or

remained elevated after five-and-a-half hours [43].

Secondary outcomes

Meta-analysis: SMBG. When including all nine studies that reported SMBG levels (CIPII,

n = 85; CSII, n = 85) [12, 13, 17, 18, 34, 38, 40, 44, 51], the SMBG levels were significantly

lower during CIPII treatment than during CSII treatment (MD = -0.62 mmol/L, [95% CI:

-1.01 –-0.23], p = 0.002; in mg/dL: MD = -11.2 mg/dL, [95% CI: -18.2 –-4.1], p = 0.002; S5a Fig

in S1 File). However, there was moderate heterogeneity (I2: 42%, p = 0.05).

Subgroup analysis. In subgroup analysis according to HbA1c levels before starting CIPII

treatment, significantly lower SMBG levels were observed during CIPII treatment than during

CSII treatment in the subgroup with HbA1c levels > 53.0 mmol/mol (> 7%) while SMBG lev-

els remained unchanged in the subgroup with HbA1c levels� 53.0 mmol/mol (� 7%) (MD =

Fig 7. Funnel plot of daily insulin dose (U/24 hours) during CIPII treatment compared to that during control treatment (CSII). The funnel plot

includes diagonal lines representing expected distribution of studies in the absence of heterogeneity (95% of the studies should lie within these

diagonal lines). The lines are not strict 95% confidence interval, therefore, referred as ‘pseudo 95% CI’.

https://doi.org/10.1371/journal.pone.0249611.g007
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-0.88 mmol/L, [95% CI: -1.34 –-0.42], p< 0.001 and MD = -0.19 mmol/L, [95% CI: -0.59–0.21],

p = 0.345, respectively; in mg/dL: MD = -15.8 mg/dL, [95% CI: -24.1 –-7.6], p< 0.001 and

MD = -3.4 mg/dL [95% CI: -10.6–3.8], p = 0.345, respectively; S5b. A and S5c Fig in S1 File).

There was a significant difference between the subgroups (p = 0.03). There was a low heteroge-

neity between the studies with HbA1c levels> 53.0 mmol/mol (> 7%) (I2: 29%, p = 0.14) and

no heterogeneity in the studies with HbA1c levels� 53.0 mmol/mol (� 7%) (0%, p = 0.94).

A subgroup analysis according to study types was not possible to calculate as all the studies

were crossover studies (S5b. B and S5c Fig in S1 File).

In subgroup analysis according to duration of the CIPII-period, significantly lower SMBG

levels were observed during CIPII treatment than during CSII treatment in the subgroup with

longer CIPII-period (> 6 months) while levels remained unchanged in the subgroup with

shorter CIPII-period (� 6 months) (MD = -1.24 mmol/L, [95% CI: -2.40 –-0.07], p = 0.037

and MD = -0.30 mmol/L, [95% CI: -0.63–0.03], p = 0.074, respectively; in mg/dL: MD = -22.3

mg/dL, [95% CI: -43.2 –-1.3], p = 0.037 and MD = -5.4 mg/dL, [95% CI: -11.3–0.5], p = 0.074,

respectively; S5b. C and S5c Fig in S1 File). The difference between the subgroups was not sig-

nificant (p = 0.13). There was a substantial heterogeneity in both subgroups (I2: 56%, p = 0.01

and 49%, p = 0.06, respectively).

In subgroup analysis according to whether or not there was an additional controlled CSII

follow-up-period, significantly lower SMBG levels were observed during CIPII treatment than

during CSII treatment in the subgroup with controlled CSII follow-up-period, while levels

remained unchanged in the subgroup without controlled CSII follow-up-period (MD = -0.72

mmol/L, [95% CI: -1.20 –-0.23], p = 0.004 and MD = -0.70 mmol/L, [95% CI: -1.62–0.22],

p = 0.138, respectively; in mg/dL: MD = -13.0 mg/dL, [95% CI: -21.6 –-4.1], p = 0.004 and MD

= -22.6 mg/dL, [95% CI: -29.2–4.0], p = 0.138, respectively; S5b. D and S5c Fig in S1 File).

There was no significant difference between the subgroups (p = 0.97). There was non-essential

heterogeneity in the subgroup with controlled CSII follow-up-period (I2: 29%, p = 0.34) and a

substantial heterogeneity in the subgroup without controlled CSII follow-up-period (I2: 70%,

p = 0.04).

Meta-analysis: Cholesterol. When including all seven studies that reported cholesterol

levels (CIPII, n = 61; CSII, n = 61) [13, 17, 32, 36–38, 40, 51], the cholesterol levels remained

unchanged during CIPII treatment compared to those during CSII treatment (MD = -0.06

mmol/L, [95% CI: -0.35–0.22], p = 0.67; S6a Fig in S1 File). There was no heterogeneity

between the studies (I2: 0%, p = 0.81).

Subgroup analysis. The MD in cholesterol levels was not different in any of the subgroups

analysed (S6c Fig in S1 File).

The group difference in cholesterol levels remained unchanged during CIPII treatment

compared to that during CSII treatment whether the HbA1c levels before starting the CIPII

treatment were� 53.0 mmol/mol (� 7%) or > 53.0 mmol/mol (> 7%) (p = 0.52); according

to length of the CIPII-period (p = 0.89); and whether or not there was an additional controlled

CSII follow-up-period with subsequent CIPII-period (p = 0.20) (S6b and S6c Fig in S1 File).

Subgroup analysis according to study type could not be performed because all the included

studies were crossover studies.

Meta-analysis: Triglycerides. When including all seven studies that reported triglyceride

levels (CIPII, n = 61; CSII, n = 61) [13, 17, 32, 36–38, 40, 51], the triglyceride levels remained

unchanged during CIPII treatment compared to those during CSII treatment (MD = 0.09

mmol/L, [95% CI: -0.03–0.22], p = 0.15; S7a Fig in S1 File). There was non-essential heteroge-

neity between the studies (I2: 17%, p = 0.17).

Subgroup analysis. The MD in triglyceride levels was significantly different only in the sub-

groups according to whether or not there was an additional controlled CSII follow-up-period.
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Significantly higher triglyceride levels were observed in the subgroup with controlled CSII fol-

low-up-period while levels remained unchanged in the subgroup without controlled CSII fol-

low-up-period (MD = 0.60 mmol/L, [95% CI: 0.20–1.00], p = 0.003 and MD = 0.04 mmol/L,

[95% CI: -0.07–0.16], p = 0.455, respectively; S7b. D and S7c Fig in S1 File). There was a signif-

icant difference between the subgroups (p = 0.01). There was no heterogeneity in the sub-

groups without a controlled CSII follow-up-period (I2: 0%, p = 0.80), while in the other

subgroup, heterogeneity could not be calculated as only one study was included.

The group difference in triglyceride levels remained unchanged during CIPII treatment

compared to that during CSII treatment, irrespective of whether the HbA1c levels before start-

ing the CIPII treatment were� 53.0 mmol/mol (� 7%) or> 53.0 mmol/mol (> 7%) (p = 0.44;

S7b. A and S7c Fig in S1 File). There was a substantial heterogeneity in the subgroup with

HbA1c levels > 53.0 mmol/mol (> 7%) (I2: 66%, p = 0.04) and no heterogeneity in the sub-

group with HbA1c levels� 53.0 mmol/mol (� 7%) (I2: 0%, p = 0.86; S7b. A Fig in S1 File).

Subgroup analysis according to the study type could not be performed since all the included

studies were crossover studies (S7b. B and S7c Fig in S1 File).

The group difference in triglyceride levels remained unchanged during CIPII treatment

compared to that during CSII treatment in the subgroup according to duration of the CIPII-

period (p = 0.27). There was a substantial heterogeneity between the studies in the subgroup

with CIPII-period� 6 months (I2: 58%, p = 0.07), and no heterogeneity between the studies in

the subgroup with CIPII-period > 6 months (I2: 0%, p = 0.70; S7b. C Fig in S1 File).

Other secondary outcomes. Analyses for the other secondary outcomes (levels of free

fatty acids, lactate, ketone bodies, apolipoproteins, glucagon, adrenaline, noradrenaline,

growth hormone, insulin-like growth factor, insulin-like growth factor binding proteins, sex

hormone binding globulin, anti-insulin antibodies, and plasminogen activator inhibitor 1) are

available in S2.1 –S2.14 Tables in S1 File.

Other secondary outcomes: Technical and medical complications. Technical and medi-

cal complications during the CIPII treatment (including inflammation, severe abdominal

pain, severe insulin underdelivery, erythema, pump re-implantation, change of catheter, and

insulin pump technical problems) are summarised in S2.6 Table in S1 File. Due to missing

comparisons with the CSII treatment, these data were not evaluated in the main article.

Discussion

This qualitative analysis and meta-analysis strongly indicated that improved glucose control can

be achieved by switching from CSII treatment to CIPII treatment in patients with DM1. This

included improved overall glucose control, as evaluated by HbA1c levels, as well as a reduced

frequency of severe hyperglycaemia and severe hypoglycaemia. However, despite highly signifi-

cant differences, the effect of the CIPII treatment was not overwhelmingly large, as it resulted in

a reduction of HbA1c levels by only 6.7 mmol/mol (0.61%). Meta-regression analysis showed

that the linear prediction of HbA1c levels decreased over time during CIPII treatment. This

trend, which was also observed in the cumulative meta-analysis, increases the evidence that

CIPII treatment lowers HbA1c levels during the treatment period and is not an ‘inclusion effect’

or ‘study effect’ mentioned previously [13, 18]. Subgroup analysis did not find a source of sub-

stantial heterogeneity. Furthermore, the funnel plot symmetry and non-significant Egger’s test

(Fig 3) supported the conclusion that publication bias did not influence the results.

In the current systematic review and meta-analysis, subgroup analyses according to HbA1c

levels before starting CIPII treatment, study type, duration of the CIPII-period, and whether

or not there was a controlled CSII follow-up-period with a subsequent CIPII-period, were also

performed.
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These subgroup analyses revealed that a larger decrease in HbA1c levels was observed in

the subgroup with HbA1c levels > 53.0 mmol/mol (> 7%) before starting CIPII treatment and

in the crossover studies with CIPII treatment longer than six months compared to that in the

meta-analysis for HbA1c levels with all studies. Additionally, in subgroups according to

whether or not there was a controlled CSII follow-up period, the MD of the HbA1c levels was

unchanged. Heterogeneity between studies was higher in the first three aforementioned sub-

groups (according to HbA1c levels before starting CIPII treatment, study type, duration of the

CIPII period) with a higher MD.

The effect of decreased fasting insulin levels appeared to be related to the HbA1c levels

before CIPII treatment and study type, as a significant difference appeared in the subgroup

with HbA1c levels� 53 mmol/mol (� 7%) in the crossover studies. However, fasting insulin

levels decreased in the first six months and continued to decrease throughout CIPII treatment.

A similar pattern was observed in the SMBG levels in the subgroup with HbA1c levels� 53

mmol/mol (� 7%) in the crossover studies. However, compared to that in the previous sub-

group, significant difference appeared only in the subgroup with a CIPII treatment

duration > 6 months.

Other metabolic variables included in the meta-analysis did not change by switching from

CSII treatment to CIPII treatment.

Implications for clinical practice

Although the reduction in HbA1c levels by CIPII treatment is limited, the fact that such an

improvement can be achieved simply by switching the site of insulin delivery is noteworthy,

especially as the total daily insulin dose remains unchanged, combined with a reduction in the

frequency of severe hypoglycaemia.

The latter observation seems even more robust, as when the frequency of severe hypogly-

caemia decreased during optimized treatment with CSII, a further decrease was observed dur-

ing treatment with CIPII [55]. However, in four studies that reported outcome related to

severe hypoglycaemia [18, 22, 32, 45–48], the raw data were presented without any statistical

comparisons. Therefore, it remains uncertain whether CIPII improves the rate of overall hypo-

glycaemia, as only one study reported an overall decrease [13].

The fasting insulin levels were reduced by 16.70 pmol/L during CIPII treatment. More

importantly, the post-bolus circulating insulin levels peaked earlier and returned to baseline

levels faster during CIPII treatment than during CSII treatment. The reduced frequency of

severe hyper- or hypoglycaemias is probably due to insulin concentrations peaking faster and

returning to baseline levels more quickly after the administration of insulin boluses during

CIPII treatment. Concurrently, glucose control inferred from HbA1c levels improved during

CIPII treatment [13, 40, 42, 49, 50]. This probably reflects the fact that CIPII mimics the physi-

ological, endogenous insulin profile more closely than does CSII treatment.

The difference we observed in the study’s main outcome measures could translate into

long-term health benefits in those treated with CIPII compared to those receiving CSII

treatment, even in the absence of clinically and significantly improved glucose control, and

with the same overall insulin requirements. For instance, it should be noted that the inci-

dence of myocardial infarction is increased 10-fold in young and middle-aged patients with

DM1 compared to that in those in the general population without DM1 [64], and that circu-

lating insulin levels have been linked to the pathogenesis of cardiovascular diseases [65].

Thus, reducing systemic hyperinsulinemia by switching to IP insulin delivery may, in the

long-term, translate into a reduced prevalence of cardiovascular diseases in patients with

DM1.
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Development of an artificial pancreas

Another possible benefit of IP insulin delivery could be the potential to improve the perfor-

mance of an AP. At present, only SC insulin-hybrid APs are available; with these set-ups,

patients have to inform the system of the amount of carbohydrates ingested, from which the

system calculates the SC bolus of insulin to be administered. The development of a fully

closed-loop AP requiring no regular daily intervention by the patient and at the same time

maintaining glucose levels in the normal or close-to-normal range remains a distant dream;

however, a switch from SC to IP insulin delivery could help such a dream to come true [6].

Comparison with previous systematic reviews

As our focus was on the potential metabolic effects of IP versus. SC insulin delivery per se, we

limited our systematic review only to studies of patients with DM1 that compared CIPII to

CSII. Thus, we excluded MDI, as it implies the use of medium- and long-acting insulin formu-

lations, which could influence the metabolic effects to a different extent. By focusing only on a

comparison of CIPII and CSII, we limited the investigation exclusively to the use of continu-

ously infused short-acting insulins.

In the past, two systematic reviews have been published comparing IP and SC insulin

administration [66, 67]. In one of these, Almalki et al. compared IP to SC insulin delivery in

patients with peritoneal dialysis, whereas Spaan et al. included a mixed group of patients with

diabetes mellitus type 2 and DM1, in addition to trying to compare the effects of CIPII to MDI

or CSII. Thus, neither of these existing reviews could provide useful information about the

effects of IP versus SC insulin delivery per se in patients with DM1, specifically. Interestingly,

and probably as a consequence of the study objectives, none of the studies included in our own

systematic review were included in those two previous systematic reviews [66, 67]. Although

nine out of the 13 studies that were included by Spaan et al. were identified in our first screen-

ing, they were subsequently excluded after applying the additional exclusion criteria.

In the current meta-analysis, additional subgroup analyses were performed, including those

according to fasting BG levels, fasting insulin levels, daily insulin dose, SMBG levels, choles-

terol levels, and triglyceride levels. However, in the main article we present data that show sig-

nificant differences between CIPII treatment and CSII treatment. All meta-analyses and

extracted qualitative data and analysis are available in the online supporting material.

Strengths and limitations

As we included only studies that applied continuous insulin infusion, we minimised the poten-

tial confounding effects of other factors, increasing the likelihood that the difference in the site

of insulin delivery was the main reason for the different effects we observed. This strict

approach adds to the quality of systematic reviews and meta-analyses.

It should be noted that the majority of the articles included were published during the

1990s, and only ten studies were published after the year 2000. This limitation results in a rela-

tive lack of reports of patients treated with current pump technologies, CGM, and newer and

faster-acting insulin formulations. Another limitation is that the lengths of the treatment peri-

ods differed between studies (ranging from 2–48 months for the CIPII periods), probably con-

tributing to the high heterogeneity observed between studies. In addition, the majority of the

reports were not purely prospective, but were rather small cohorts assembled during consecu-

tive periods of clinical use of CIPII, with the data from the control period (CSII) often being

less well-described. Sadly, this, combined with the limited number of studies reporting on

many of the outcomes, limits the scientific robustness of many of our observations. This is par-

ticularly true for the secondary outcomes reported in the S1 File.
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In general, the poor descriptions of the CSII treatment periods and the open design of all

the studies increases the possibility of substantial ‘inclusion benefit’ or ‘study effect’ [18]. In all

of the studies that reported HbA1c levels, only one avoided this effect by maintaining the same

follow-up procedure during both treatment periods [13]. However, no improvement in glycae-

mic control was observed during one year of intense medical surveillance in the CSII-period.

Unfortunately, the follow-up period in this study was only six weeks for each of the treatments.

Thus, the HbA1c results in this study are likely to be less trustworthy than those of the other

outcome measures.

Conclusions

This meta-analysis suggests that CIPII treatment is superior to CSII treatment in improving

glucose control in patients with DM1 who have poor glycaemic control. The effect is observed

as a reduction in HbA1c levels and in reduced frequencies of severe hyperglycaemic and severe

hypoglycaemic events. CIPII decreases circulating insulin levels and results in a more physio-

logical insulin profile post bolus administration.

Thus, we hold that CIPII could be beneficial in terms of improved glucose control and

more dynamic insulin effect on glucose levels. In the future, further work is needed to

strengthen the evidence of the benefits of the use of CIPII.
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Literature search strategy 
Table S1. Literature search strategy. 

Embase PubMed Scopus Central 

1 exp diabetes mellitus/ 1 Diabetes mellitus[mh] 1 TITLE-ABS-KEY (diabet*) 1 Diabet*:ti,ab,kw 

2  diabet*.ti,ab,kw. 2 diabet*[tiab] OR 
diabet*[ot] 

2 TITLE-ABS-KEY (insulin 

resistan*) 
2 insulin resistan*:ti,ab,kw 

3 insulin resistan*.ti,ab,kw. 3 insulin resistan*[tiab] OR 
insulin resistan*[ot] 

3 TITLE-ABS-KEY (impaired 
glucose tolerance) 

3 impaired glucose 
tolerance:ti,ab,kw 

4 impaired glucose 
tolerance.ti,ab,kw. 

4 impaired glucose 
tolerance [tiab] OR 
impaired glucose 
tolerance [ot] 

4 TITLE-ABS-KEY (Wolfram 
syndrome) 

4 Wolfram 
syndrome:ti,ab,kw 

5 Wolfram 
syndrome.ti,ab,kw. 

5 Wolfram syndrome [tiab] 
OR Wolfram syndrome 
[ot] 

5 #1 OR #2 OR #3 OR #4  5 #1 or #2 or #3 or #4  

6 1 or 2 or 3 or 4 or 5 6 #1 OR #2 OR #3 OR #4 OR 
#5 

6 TITLE-ABS-KEY 
(peritoneum) 

6 intraperitone*:ti,ab,kw 

7 exp peritoneum/ 7 Peritoneum [mh] 7 TITLE-ABS-KEY 
(intraperitoneal) 

7 peritone*:ti,ab,kw 

8 exp intraperitoneal drug 
administration/ 

8 peritoneum[tiab] OR 
peritoneum[ot] 

8 TITLE-ABS-KEY (peritoneal 
cavity) 

8 #6 or #7 

9 exp peritoneal cavity/ 9 intraperitoneal [tiab] OR 
intraperitoneal [ot] 

9 #6 OR #7 OR #8 9 subcutaneous*:ti,ab,kw 

10 (peritone* or 
intraperitone*).ti,ab,kw. 

10 #7 OR #8 OR #9  10 TITLE-ABS-KEY 
(subcutaneous*) 

10 insulin:ti,ab,kw 

11 7 or 8 or 9 or 10  11 Subcutaneous*[tw] 11 TITLE-ABS-KEY (insulin) 11 inject*:ti,ab,kw 

12 exp subcutaneous drug 
administration/ 

12 Insulin [mh] 12 TITLE-ABS-KEY (inject*) 12 infus*:ti,ab,kw 

13 subcutaneous.ti,ab,kw. 13 Insulin [tiab] OR Insulin 
[ot] 

13 TITLE-ABS-KEY (infus*) 13 admin*:ti,ab,kw 

14 12 or 13 14 #12 OR #13 14 TITLE-ABS-KEY (admin*) 14 absorption:ti,ab,kw 

15 exp insulin derivative/ 15 Drug administration 
routes[mh] 

15 TITLE-ABS-KEY 
(absorption*) 

15 therap*:ti,ab,kw 

16 insulin.ti,ab,kw. 16 injection[tiab] OR 
injection[ot] 

16 TITLE-ABS-KEY (therap*) 16 treatment:ti,ab,kw 

17 15 or 16 17 infusion[tiab] OR 
infusion[ot] 

17 TITLE-ABS-KEY (insulin 
treatment) 

17 insulin infusion 
system*:ti,ab,kw 

18 exp injection/ 18 administration[tiab] OR 
administration[ot] 

18 TITLE-ABS-KEY (pump) 18 pump:ti,ab,kw 

19 infus*.ti,ab,kw. 19 absorption[tiab] OR 
absorption[ot] 

19 #12 OR #13 OR #14 OR #15 
OR #16 OR #17 OR #18  

19 #11 or #12 or #13 or #14 
or #15 or #16 or #17 or 
#18 

20 admin*.ti,ab,kw. 20 therap*[tiab] OR 
therap*[ot] 

20 #5 AND #9 AND #10 AND 
#11 AND #19 

20 #5 and #8 and #9 and #10 
and #19 

21 absorption.ti,ab,kw. 21 treatment[tiab] OR 
treatment[ot] 

    

22 inject*.ti,ab,kw. 22 Infusion pump[mh]     

23 exp therapy/ 23 pump[tiab] OR pump [ot]     

24 therap*.ti,ab,kw. 24 #15 OR #16 OR #17 OR 
#18 OR #19 OR #20 OR 
#21 OR #22 OR #23 

    

25 exp insulin treatment/ 25 #6 AND #10 AND #11 AND 
#14 AND #24 

    

26 exp pump/       

27 insulin pump.ti,ab,kw.       

28 18 or 19 or 20 or 21 or 22 
or 23 or 24 or 25 or 26 or 
27 

      

29 6 and 11 and 14 and 17 
and 28 
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Changes in the systematic review compared to the Protocol 

During the data evaluation, we decided to restrict the results to a comparison of the effects of continuous 

subcutaneous insulin infusion (CSII) and continuous intraperitoneal insulin infusion (CIPII) only, as the 

pharmacokinetics (and possibly the pharmacodynamics) of multiple daily injections (MDI) differ between the 

two routes of administration. In general, we observed improved glycaemic control when continuous insulin 

delivery systems (either intravenous, subcutaneous, or intraperitoneal) were compared to MDI of insulin [1-4] 

and we concluded that reporting a comparison between CIPII and MDI or mixed MDI/CSII treatment would 

introduce unnecessary bias. The inability to compare MDI and CSII is also reflected by the differences in 

pharmacokinetics of the various insulin regimes used with MDI (short-, medium-, or long-lasting) versus the 

exclusive use of continuous short-lasting insulin infusions during CSII. Therefore, bias could be introduced 

based on differences in the daily profile of insulin delivery or the type of insulin used, and not just the route of 

administration per se. Furthermore, studies with missing or insufficient information pertaining to the methods 

of insulin delivery were also excluded.   

In the Protocol, one of the outcomes was identified as ʻDifferent locations of IP and SC delivered insulinʼ. After 

the data extraction, however, we observed that in some included studies [5, 6], patients had been given the 

choice about where the intraperitoneal (IP) catheter was inserted; in addition, the location could also be 

changed during the study (e.g., after the replacement of an implanted pump). For instance, in one study, the 

pumps were placed on the left side of the abdomen in the IP space because all the participants were right-

handed [6]. Therefore, the main outcome described as ʻInsulin absorption and parameters that can affect it: 

Different location of IP and subcutaneous (SC) delivered insulin; Different types of insulin used in the same 

locationʼ could not be evaluated.  

Regarding the case-control studies, we revised the inclusion criteria, from “we need at least one before CIPII-

period and one after CIPII-period measurement point”, to ʻthe study is included if measurements from CSII 

and CIPII patients/periods are reported separatelyʼ.  

During the data collection, we demoted some of the primary outcomes (Stated in the Protocol) to secondary 

outcomes. Consequently, we made a decision based on the clinical relevance of the results.  The original 

primary and secondary outcomes were described as follows: 

Primary outcomes 

The main outcomes in the included studies were: (1) Glycaemic control (glycated haemoglobin A1c (HbA1c) 

levels, self-monitoring of blood glucose (SMBG), fasting blood glucose (BG) and mean BG levels, 

hypoglycaemic and hyperglycaemic events, time spent in normoglycaemia, and glucose variability), (2) Insulin 
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levels (fasting insulin level, time until maximum insulin level, maximum insulin level, and elevation of insulin 

level after administration of a pre-meal insulin bolus), (3) Mean daily insulin requirement. 

Secondary outcomes  
Secondary outcomes were physiological variables other than the primary outcomes, including the following: 

(1) Intermediate metabolites (levels of triglycerides, cholesterol, free fatty acids, lactate, ketone bodies, and 

apolipoproteins), (2) Counterregulatory hormones (levels of glucagon, catecholamines, growth hormone, 

insulin-like growth hormones, and binding proteins), (3) Other metabolic outcomes (levels of anti-insulin 

antibodies (AIA), sex hormone binding globulin (SHBG), and plasminogen activator inhibitor-1 (PAI–1)), (4) Any 

technical and/or physiological complications reported during the CIPII treatment. 

Extended information not described in the results 

Excluded articles and reasons for exclusion 
The search strategy identified 1,517 records. After the removal of duplicates and irrelevant articles, 108 

potentially eligible articles remained for consideration (Fig 1).  

After full-text and manual reference screening of potential articles and the evaluation of the quality of 

evidence, 105 articles were included. After additional searches, four more articles were considered for 

inclusion. After the introduction of additional exclusion criteria (See section above titled: ʻChanges in the 

Systematic review compared to the Protocolʼ), 70 of the 109 articles were excluded for the following reasons: 

 Forty-one articles did not report CSII and MDI patients/periods separately [7-47]; 

 two articles reported on only MDI and CIPII, but not CSII [48, 49];  

 four technical reports lacked information on physiological effects [50-54]; 

 two reports were review articles [55, 56]; 

 three articles compared intravenous (IV) versus IP insulin administration [57-59]; 

 two articles exhibited biased reporting of the distribution of patients per group [60, 61]; 

 one article did not provide information about the distribution of patients per groups [62]; 

 five articles were missing information about pre-implantation SC insulin infusion/injection [63-67]; 

 one article was an epidemiological study [68]; 

  two articles assessed patients with a mixture of diabetes mellitus type 1 (DM1) and diabetes mellitus 

type 2 (DM2) [69, 70]; 

 two articles did not provide any relevant information [71, 72]; 
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 one article assessed patients treated with IP insulin injections (IPII) delivered as separate boluses, not 

as a continuous infusion as was used for CIPII [73]; 

 two articles assessed a CIPII treatment period lasting less than one month [74, 75]; 

 one article investigated an SC peritoneal access device (SPAD). SPAD allows for absorption of insulin at 

the tissue close to the peritoneal lining, not from the inside of the peritoneal cavity [76]; 

 one article did not mention the length of the CSII and CIPII-periods [77]. 

In the second literature search (follow-up), which screened for studies published in 2016 to 2018, 209 

additional records were identified. After the exclusion of irrelevant articles, only one additional article was 

included in the systematic review [78]. In the third literature search (follow-up) in which we screened studies 

from the year 2019, 84 additional records were identified. After the removal of all irrelevant articles, no 

additional articles were included in the systematic review. In the fourth literature search (follow-up) in which 

we screened for the studies published from 2017 to 2020, 241 records were identified. After the exclusion of 

irrelevant articles, four records were considered for inclusion; ultimately, only one was included in the 

systematic review. 

In total, 32 studies from 39 articles were included in the systematic review. 

Risk of biases  
Some studies [79-81] included participants who received MDI therapy, however, the data were also separately 

available for the CSII and CIPII treatment groups. 

One study that provided data for the CSII-period vs. the CIPII-period used a programmable implantable 

medication system (PIMS). Afterwards, the PIMS was changed to the MiniMed Implantable Pump (MIP). 

Because two different CIPII pumps were used, the data from the period in which patients were treated with a 

PIMS insulin pump were compared with the data from the CSII-period. Data pertaining to the complications 

experienced during the CIPII-period were extracted from both the PIMS and MIP periods [6]. One study 

included two different experiments with overlapping patient groups; however, data from the study’s second 

experiment fulfilled our inclusion criteria, and the data for the CIPII and CSII treated patients were extracted 

[82]. 

One study did not report essential unit information regarding the daily insulin expenditure [83]. However, we 

assumed that the insulin expenditure in Table 2 was reported as U/24 hours. 

One study did not provide unit information for the mean amplitude of glycaemic excursion (MAGE) [84]. To try 

to obtain the missing information, we used the reference for the MAGE from the article provided by the 

authors [85], where, the reported unit was listed as ʻmg/100 mLʼ. 
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One study did not state whether the error of the reported data was  listed as the SD or the standard error (SE) 

[86]. Another study did not describe the statistical analysis method [87]. A third study did not state the mean 

values of the patients’ HbA1c levels [5]. Consequently, these studies were excluded from the HbA1c meta-

analyses. 

In one study, the units for BG were defined differently in Table 2 (mg/mL) and in the main text (mg/dL); we 

assumed the correct units to be mg/dL, and those values were used in the analysis. The percentage of blood 

glucose levels that were high, low or in the normal range were not available due to missing information about 

the definition of the normal range in that study [88]. 

Two independent studies provided very similar base line data, with similar methodological description and 

with identical study periods. However, the authors did not state whether the data in these reports were 

derived from the same study, from two separate studies, or whether they contained partially overlapping 

patient populations [89, 90]. E-mails, sent to the authors by IDF to verify the uniqueness of these two studies 

were not answered.  

Another two studies provided similar base line data, with the same year of publication [91, 92]. Those two 

studies had identical male: female sex ratios, and age ranges (Table 1); however, they differed in the lengths of 

the follow-up periods, and the baseline HbA1c levels. Therefore, we assumed that the follow-up periods in 

these two reports were from different time periods, although we cannot discount the possibility of an overlap 

in the follow-up for these two studies. One of these articles [91] reported HbA1c levels (Fig 2) in the addition 

to the insulin expenditure, the anti-insulin antibody levels, and complications that occurred during the CIPII‐

period (Table S2.6). From the other article [92] the data were derived from a figure showing changes in insulin 

levels, and it was not possible to determine the SD. Therefore, these data were not included in the meta-

analysis. 

In one study, the data reported in the text were given as the geometric mean values, whereas we used the 

estimated mean value (Table 2) [93].  

One study was a multinational, open, randomised, controlled, crossover study [5]. Due to a high dropout rate 

(15 out of 30 patients in the CIPII group and 9 out of 30 in the CSII group), the results were analysed as a 

randomised follow-up study between two parallel treatment groups (i.e., before the crossover). 

One study did not provide a definition of severe hypoglycaemia. During the extended periods of the study’s 

reporting (including conference posters presentations for data at 3, 6, 12, 24 months), the number of severe 

hypoglycaemic events reportedly increased during the CSII-period [94-97].  
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Results of the search 

The primary search strategy identified 1,517 reports, and 21 more were added after screening of the 

reference lists. After abstract screening, 105 potentially eligible reports remained (Fig 1). After additional 

searches, four more articles were considered for inclusion in the analysis. 

When applying the additional exclusion criteria (which are described above in the “Changes in the Systematic 

review compared to the Protocol), 70 of the 109 reports were excluded; these are described in the ʻExcluded 

reports and reasons for exclusionʼ section above. 

In total, 38 reports from 32 studies, including one report in Italian [98] and one in German [99], were included 

(Fig 1). 

Data extraction and quality assessment 

There was considerable heterogeneity among the studies (Tables S2.1 – S2.6), although most were crossover 

studies (23 of 32 studies), with at least three months of CSII treatment, followed by 1.5 to 14 months of CIPII 

treatment. More men (n = 167; 55 %) than women (n = 136; 45 %) were included in the CIPII-period. Thirty out 

of 32 studies reported the sex of participants, and the ages ranged from 19 to 82 years (Table 1). In the nine 

studies that reported age separately for each sex, the mean age range (min – max) was 37.1 years (19 – 67) in 

men and 32.6 years (18 – 50) in women. 

Twenty-four studies originated from single European countries (Table 1), four originated from a French 

multicentre study (EVADIAC: EVAluation dans le Diabète des Implants ACtifs Group) [86, 88, 100, 101], three 

studies were from the USA [6, 83, 102], and one was a multinational study [5] (Table 1). 

All results of these studies are summarised in Tables S2.1 – S2.13. 

Qualitative data analysis 

Primary outcome: Glycaemic control 

In addition to including patients who were already being treated with CSII, one randomised [5] and six 

nonrandomised studies [6, 84, 88, 91, 103, 104] provided participants with an additional CSII follow-up before 

transitioning them to the CIPII treatment. In three of these studies, the HbA1c levels decreased during this 

additional CSII follow-up period [5, 103, 104].  

Randomised follow-up studies 

One prospective, randomised, follow-up study (for details see the section titled, ʻRisk of biasesʼ) observed 

equivalent reduction in HbA1c levels in the two treatment groups (CIPII: - 0.5 %; CSII: - 0.6 %, p = 0.374) and no 

difference in SMBG values during the twelve months of CIPII treatment and the six months of CSII treatment 

[5].  
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Non-randomised and retrospective crossover studies 

Glycated haemoglobin A1c  

Significantly lower (p < 0.05) mean HbA1c levels were reported during the CIPII treatment period in eight 

prospective studies and one retrospective study. HbA1c level decreased from 83.6 – 56.3 mmol/mol (9.8 – 7.3 

%) to 60.7 – 44.3 mmol/mol (7.7 – 6.2 %) (Fig 2) [6, 83, 87-90, 94-97, 105].  

No differences in mean HbA1c levels were reported in five studies [98, 101, 102, 106-108]. In one study the 

HbA1c levels decreased after three months of CIPII treatment (54.1 mmol/mol (7.1 %)), whereas no statistical 

difference was observed after 12 months of CIPII treatment compared to the previous CSII treatment (58.5 vs. 

59.6 mmol/mol (7.5 % vs. 7.6 %)) [101]. Five studies did not report statistical analyses comparing the two 

treatments (Table S2.1) [86, 91, 103, 104, 109]. The lack of SD/SE data resulted in the exclusion of three of 

these studies from the meta-analysis (Fig 2) [5, 86, 87]. 

Self-monitored blood glucose  

Three studies that reported on SMBG concentrations showed a decrease in BG levels from 7.8 – 10.5 mmol/L 

to 7.4 – 8.0 mmol/L (p < 0.05) [83, 88, 96, 102], whereas four studies reported no difference in SMBG levels 

(Fig S1, Table S2.1) [6, 84, 86, 108]. However, in one of these studies, SMBG levels decreased during the first 

16 months of CIPII treatment, but was equal to those following CSII after 18 months [6]. Three studies did not 

conduct statistical testing to compare the two treatments [103, 104, 109]. 

Glucose variability 

One study reported a lower MAGE value during the CIPII treatment period compared to the CSII treatment 

period (6.9 vs. 9.5 mmol/L, p < 0.005) [84]. Another five studies reported a decrease in SD of BG levels during 

CIPII-period compared to the CSII-period (3.0 – 3.8 mmol/L vs. 3.4 – 5.1 mmol/L, p < 0.04) (Table S2.1) [86, 88-

90, 108]. 

Continuous glucose monitoring 

One study reported decreased mean BG levels (measured by continuous glucose monitoring (CGM)) (8.3 vs. 

10.5 mmol/L, p = 0.004), increased time spent in normoglycaemia (3.9 –10.0 mmol/L, p = 0.001), and a 

narrower BG range (4.4 – 7.8 mmol/L, p = 0.03) in the CIPII-period than in the CSII-period [78]. Another study 

with CGM reported an increase in the time spent in normoglycaemia (3.9 – 10.0 mmol/L, p = 0.027) during the 

CIPII-period [94-97]. 

One study reported decreased pre-prandial BG levels (p < 0.05) [88], whereas another observed decreased 

post-prandial BG levels (p < 0.01) [87]. Two studies reported no difference in pre-prandial BG levels [86, 88] 



 

11 
 

and two studies reported no difference in post-prandial BG levels during the CIPII-period [86, 88]. One study 

did not conduct statistical comparison of the two treatments [103].  

Case-control studies  

Among the four included case-control studies that reported HbA1c levels, no difference was observed 

between the treatment groups (Fig 2) [82, 88, 99, 110-112]. One of these studies also reported no difference 

in pre-prandial and post-prandial BG levels [82]. 

Case studies 

Only one case study was included, which reported no difference in glycaemic control between the CIPII and 

CSII treatments (Table S2.1) [113]. Due to large SD values, these results could not be included in the meta-

analysis. 

Primary outcome: Hypo-/ hyperglycaemia 

Randomised follow-up studies 

In one study, the frequency of severe hypoglycaemia (requiring hospitalization or IV glucose administration, or 

events accompanied by unconsciousness or seizure) was significantly reduced during the CIPII compared to 

the CSII follow-up periods (0.35 vs. 0.86 events/patient-years, p = 0.013). During the first three months after 

the initiation of CIPII treatment, the frequency of severe hypoglycaemic events was unchanged, whereas it 

was reduced in the subsequent nine months (0.72 vs. 0.15 events/patient-years). During CSII treatment the 

frequency of severe hypoglycaemia was 1.6 events per one patient-year at baseline which was reduced to 0.86 

events per one patient-years during the CSII follow-up period [5]. No difference in the frequency of 

hypoglycaemic episodes (SMBG level < 3 mmol/L) was observed during the CIPII treatment period. 

Furthermore, no difference was observed between the first three months and the subsequent nine months of 

CIPII treatment (Tables S2.1 and S2.8) [5]. Statistical analyses were only reported for comparison between the 

CIPII and CSII treatment groups; no within-group analyses were performed. 

Non-randomised crossover studies 

Severe hypoglycaemia and hypoglycaemic coma 

Four studies recorded severe hypoglycaemia, but none conducted any statistical analyses [6, 81, 94-98]. One 

study reported no difference in the frequency of hypoglycaemic coma events (CIPII: 0 vs. CSII: 0.54 

events/patient-year) [81]. Another study reported that the frequency of severe hypoglycaemia (requiring 

assistance) was 0.43 events per one patient-year during the CIPII-period while no episodes of hypoglycaemic 

coma were observed [6]. 
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One study reported 1.5 severe hypoglycaemic (requiring assistance) events per one patient-year during the 

CIPII compared to the 12 events per one patient-year during CSII-period [94-97]. Another study reported no 

severe hypoglycaemic (requiring assistance) events during the CIPII-period [81], and one study reported no 

difference in the occurrence of severe hypoglycaemia [98]. 

Hypoglycaemia 

One study reported a reduction in the time spent in hypoglycaemia during CIPII-period (SMBG level < 3.9 

mmol/L, p < 0.05), whereas the duration of time spent with SMBG levels < 2.8 mmol/L was similar between 

the treatment periods [84]. On the contrary, one 24-hour BG profile study reported no difference in the time 

spent in hypoglycaemia (BG < 3.8 mmol/L, measured by CGM) [78]. Similarly, two other studies reported no 

difference in hypoglycaemic events (SMBG level < 3.0 mmol/L) [89, 90]. 

One study reported at least one hypoglycaemic event (SMBG level < 3.3 mmol/L) per patient during CIPII-

period [6].  

Hyperglycaemia 

 One study using CGM [78] reported less time spent in hyperglycaemia (BG > 10 mmol/L, p < 0.05), whereas 

another study using SMBG reported no difference [84]. However, both reported a reduction in the time spent 

in severe hyperglycaemia (BG > 14 mmol/L, p < 0.05, measured by SMBG and CGM) during CIPII-period. 

(Tables S2.1 and S2.8) [78, 84]. 

Primary outcome: Insulin levels 

Randomised crossover and follow-up studies 

In one study, five patients being treated during the CIPII-period were crossed over to receive 96-hour CSII 

treatment temporarily. Insulin was infused for 12 hours at a fixed basal rate. Fasting serum free insulin levels 

were decreased during the CIPII-period compared to the CSII-period (30.8 vs. 45.0 pmol/L, p < 0.001) [100]. 

Subsequently, insulin was infused a rate of 15 nmol/h for 150 minutes, then 42 nmol/h for the following 150 

minutes. During these two short-term periods with increased infusion rates, the rate of appearance (Ra) of 

insulin in the systemic circulation was greater during CIPII treatment (p < 0.05 and p < 0.01, respectively) 

[100].  

No difference in the mean daily insulin requirement was observed in a prospective study with 36 patients, 

although no statistical analyses were performed [5]. 

Non-randomised crossover studies and follow-up studies 

Two studies reported lower fasting insulin levels (p < 0.05 and p < 0.01) [89, 90], despite a higher basal insulin 

infusion rate during CIPII (p = 0.02) [89]. Two studies reported no difference in fasting insulin levels between 



 

13 
 

the two periods [87, 109]. Another two studies did not perform statistical comparisons between treatments 

[103, 104]. Two studies (with 20-hour and 16-hour insulin profiles) reported decreased night-time insulin 

levels during CIPII (127.8 vs. 163.2 pmol/L, p < 0.05; and 70.1 vs. 128.5 pmol/L, p < 0.01, respectively) [87, 

103].  

Two studies reported earlier post-bolus maximum insulin levels, peripherally, during the CIPII-period (60 vs. 

133.6 minutes, p < 0.006 [92]; and 60 vs. 180 minutes, p < 0.05 [87]). The latter study reported increased 

maximum insulin levels during the CIPII-period (179.18 vs. 125.01 pmol/L, p < 0.05) [87].  

Furthermore, during the CIPII-period, insulin levels returned to baseline values three hours after 

administration of a pre-breakfast bolus, whereas during the CSII-period, the post-bolus insulin level remained 

elevated five-and-half hours later [87].  

One study that performed insulin clamp testing reported no difference in the maximum insulin levels between 

the periods; however, the first measurement was recorded 30 minutes after the administration of insulin 

boluses [89]. One study reported increased insulin levels (p < 0.05) during exercise in those receiving CSII, 

although, insulin levels did not change during exercise in the CIPII group [90]. 

One study reported a lower total area under curve (AUC) (16 hours) (72 vs. 100 mU/L/h, p < 0.01) and a lower 

night-time AUC (12 vs 36 mU/L/h, p < 0.01) during the CIPII period. The AUC following administration of an 

insulin bolus did not differ between the periods; however, the duration of the period for which the AUC was 

calculated was not specified [87].  

In two studies, day-time mean insulin requirements were increased (p < 0.05) during CIPII-period [86, 108]. 

However, in one of these studies, the insulin requirement was increased only during the first two months of 

CIPII treatment before decreasing to levels that were similar to those in the previous CSII-period [108].  

Other studies reported no change in insulin requirements between the periods, 12 of which performed 

statistical analyses [83, 84, 89, 90, 94-98, 101, 102, 105-109] (Table S2.2.). 

On the contrary, one 24-hour closed-loop artificial pancreas study reported increased insulin delivery during 

closed-loop CIPII than during closed-loop CSII (43.7 U vs. 32.3 U, p < 0.001) [78].  

Case-control studies  

One study reported decreased mean night-time insulin levels in the CIPII-treated patients (65.56 vs. 86.53 

pmol/L, p < 0.005) [99], whereas two studies reported no difference in fasting insulin levels between the two 

groups [82, 114].  

One study reported earlier peaking of post-bolus (0.15 U/kg) insulin levels in CIPII-treated patients (30 minutes 

vs. 60 minutes, p-value not reported), increased maximum insulin levels (263.91 vs. 145.84 pmol/L 
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(significance between groups starting 30 minutes after bolus administration, p < 0.05)), and a decreased 

duration of elevated insulin levels (180 minutes vs. 240 minutes, p-value not reported) [82].  

No differences in the mean daily insulin requirement were reported in three studies that performed statistical 

analyses [99, 110-112, 114] (Table S2.2).  

Case reports 

One case report showed no difference in daily insulin requirements [113]. 

Secondary outcomes: Intermediate metabolites 

All reports that analysed intermediate metabolites are summarised in Table S2.3.  

Non-randomised crossover studies 

One study reported decreased total cholesterol levels after six months of the CIPII-period compared to those 

in the CSII-period (4.56 mmol/L vs. 4.85 mmol/L, p = 0.044) [102]. In the remaining six studies, no differences 

in total cholesterol levels were observed after six weeks to one year of CIPII treatment (Fig S2) [83, 84, 98, 

106-109]. 

In one study, high-density lipoprotein (HDL)-cholesterol levels were lower during CIPII-periods compared to 

the CSII-periods (1.2 mmol/L vs. 1.4 mmol/L, p < 0.05) [84]. In five studies, no difference in HDL-cholesterol 

levels was observed between the periods [83, 98, 102, 106-108]. No difference in low-density lipoprotein 

(LDL)-cholesterol levels was observed in four studies [98, 102, 106-108]. 

One study reported an increase in fasting serum triglyceride levels after the CIPII-period (1.5 mmol/L vs. 0.9 

mmol/L, p < 0.005) [84]. In six studies, no difference in triglyceride levels was observed between the two 

periods (Fig S3) [83, 98, 102, 106-109].  

The chylomicron remnant levels, the ratio of retinyl ester: apoB lipoproteins, and the HDL compositions 

reported in the studies are provided in Table S2.3. 

Case-control studies  

One study reported decreased fasting free fatty acid (FFA) levels during the CIPII-period compared to the CSII-

period (p = 0.05), whereas during the 60 minutes after the administration of a pre-meal insulin bolus, no 

changes in FFA levels were observed within the groups. However, decreased FFA levels were observed in the 

CIPII-period after administration of a pre-meal insulin bolus (p = 0.05) [82].  

The measurements of lactate, vitamin D metabolites, creatinine, calcium, magnesium, phosphorus, 

parathyroid hormone, osteocalcin, and alanine reported in the studies are summarised in Table S2.3. 
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Secondary outcomes: counterregulatory hormones 

All reported counterregulatory hormone analyses are summarised in Table S2.4. 

Non-randomised crossover studies and follow-up studies 

During a hypoglycaemic clamp, one study reported a significant incremental glucagon response during CIPII (p 

= 0.003), whereas the glucagon response was non-significant during CSII. Consequently, the maximal glucagon 

response was higher during CIPII (17.0 pg/mL vs.7.5 pg/mL, p = 0.048) [89]. One study reported increased 

glucagon levels post-exercise during CIPII-periods (p = 0.01); however, no difference in glucagon levels was 

observed between the CIPII and CSII-periods [90]. Significantly larger AUC was observed for the incremental 

glucagon response in the CIPII-period during hypoglycaemic insulin clamp testing and after intense exercise 

compared to pre-clamp testing and pre-exercise testing (44.4 pg/mL/h vs. 5.1 pg/mL/h, p = 0.027; and 23.4 

pg/mL/h vs. 10.3 pg/mL/h, p = 0.04, respectively) [89, 90]. A significantly larger incremental post-exercise AUC 

compared to post-exercise (23.4 pg/mL/h vs. 10.3 pg/mL/h, p = 0.04) was also observed [90]. 

Two studies reported no change in epinephrine and norepinephrine incremental responses between the two 

periods during respective hypoglycaemic insulin clamp testing [89] or intensive exercise [90].  

The results of measured changes in growth hormone (GH), insulin like growth factor 1 (IGF-1) and 2 (IGF-2), 

growth hormone binding protein (GHBP), insulin-like growth factor binding protein 2 (IGFBP-2) and 3 (IGFBP-

3), and cortisol are summarised in Table S2.4. 

Case-control studies  

One study reported no difference in fasting and postprandial glucagon levels between the treatment groups 

[82]. 

Secondary outcome: Other metabolic outcomes 

All other reported analyses are summarised in Table S2.5. 

Non-randomised crossover and follow-up studies 

Increased levels of anti-insulin antibodies (AIA) measured by enzyme-linked immunosorbent assay (ELISA), 

were observed after three and twelve months of the CIPII-period (39.3 % and 42.5 % vs. 23.7 %, respectively, p 

< 0.01), but not after 24 months [79, 80], and at three months of the CIPII-period in another study (11.0 % vs. 

3.6 %, p < 0.05) [86]. No difference was observed in one study [91], and another reported no changes in the 

AIA levels (p-value not reported) [78].  

One follow-up study observed increased AIA levels after six months of the CIPII-period vs. six months of the 

CSII-period (41.8 % vs. 24.9 %, p = 0.009), as measured by radioimmunoassay (RIA), although they observed no 

difference when AIA levels were measured by ELISA [115]. 
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Studies reporting sex hormone binding globulin (SHBG) levels are summarised in Table S2.5. 

Secondary outcome: Complications 

All reported technical and physical complications are summarised in Table S2.6. 

How to read the tables 

The source column lists the main author and the year of publication. In cases where the authors and year of 

publication are the same for two studies, some additional information is provided in differentiation. 

Alternatively, when there is no information given in other columns, information is provided that could explain 

the missing data. For example, if there is no information provided under the ʻReported study objectivesʼ 

and/or ʻmethodological qualityʼ columns, it could be because information was extracted from a letter to the 

editor. 

The ʻParticipant characteristicsʼ column supplies information about the number of participants and some 

characteristics we believe are important for describing the actual patients. More detailed information can be 

found in the original publications. 

In the ʻLength ofʼ column, we provide information about the duration of the CIPII and/or CSII-periods, and, if 

available, some information about patient follow-up. Most data are given as the means. 

In the ʻReported study objectivesʼ column we present the precise information as stated in the articles.  

We extracted data from text, tables, and graphics, all of which is included it in the ʻOutcomesʼ column. In 

cases, where information was missing, possible biases are indicated in the systematic review’s Results section. 

Some articles included figures showing measurements of continuous variables (for example, 16-hour 

measurements). From such figures, we extracted data from fasting periods and noted data that was 

significantly different between the two periods. If data for continuous variables measurements were not 

significantly different, it was mentioned in the Results without providing any additional data.  

Units of the measurement are indicated after the CSII data (for example, HbA1C measurements, CIPII: 8.7; 

CSII: 8.8 %).  

Definition of words used: 

Increases means that in the CIPII-period, levels were statistically significantly higher (p < 0.05) than those in 

the CSII-period.  

Decreases means that in the CIPII-period, levels are statistically significantly lower (p < 0.05) than those in the 

CSII-period. 

Decreases/increases in both means that the values followed the same pattern when compared at different 

time-points. 
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 No change means a statistically non-significant difference (p > 0.05) or the p-value not provided (ND). If 

possible, data are shown in parentheses.  

M3, M6, and M12, for example, should be read as ʻthree monthsʼ, ʻsix monthsʼ, and ʻtwelve monthsʼ.  

The ʻMethodological qualityʼ column contains quality assessment tools that are appropriate for that particular 

study. 
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Figure S1a. Meta-analysis of HbA1c (%) in patients during CIPII treatment compared to that during control 

treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion; Control, continuous subcutaneous insulin infusion.  
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Figure S1b. Subgroup meta-analysis of HbA1c (%) according to duration in patients during CIPII treatment 

compared to that during control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII).  
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Figure S1c. Subgroup meta-analysis of HbA1c (%) in patients during CIPII treatment compared to that during 

control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Figure A: Subgroup analysis 

according to HbA1c levels before starting CIPII treatment (≤ 7 % and > 7 %); Figure B: Subgroup analysis according to study type (Case-Control studies and 

Crossover studies); Figure C: Subgroup analysis according to length of the CIPII-period (≤ 6 months and > 6 months); Figure D: Subgroup analysis according to 

whether or not there was an additional controlled CSII follow-up-period with subsequent CIPII-period.  
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Figure S1d. Overall subgroup meta-analysis of HbA1c (%) in patients during CIPII treatment compared to that 

during control treatment (CSII).  

 

Legends: CIPII, continuous intraperitoneal insulin infusion; CSII, continuous subcutaneous insulin infusion.  
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Figure S1e. Meta-regression analysis bubble-plot of HbA1c (%) in patients during CIPII treatment compared 

to that during control treatment (CSII).  
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Figure S1f. Cumulative meta-analysis of HbA1c (%) in patients during CIPII treatment compared to that 

during control treatment (CSII) according to duration of CIPII treatment. 

  

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII).  
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Figure S2a. Subgroup meta-analysis of fasting blood glucose (mmol/L) in patients during CIPII treatment 

compared to that during control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Figure A: Subgroup analysis 

according to HbA1c levels before starting CIPII treatment (≤ 7 % and > 7 %); Figure B: Subgroup analysis according to study type (Case-Control studies and 

Crossover studies); Figure C: Subgroup analysis according to length of the CIPII-period (≤ 6 months and > 6 months); Figure D: Subgroup analysis according to 

whether or not there was an additional controlled CSII follow-up-period with subsequent CIPII-period.  
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Figure S2b. Summarised subgroup meta-analysis of fasting blood glucose (mmol/L) in patients during CIPII 

treatment compared to that during control treatment (CSII).  

 

Legends: CIPII, continuous intraperitoneal insulin infusion; CSII, continuous subcutaneous insulin infusion.  
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Figure S3a. Subgroup meta-analysis of fasting insulin (pmol/L in patients during CIPII treatment compared to 

that during control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Figure A: Subgroup analysis 

according to HbA1c levels before starting CIPII treatment (≤ 7 % and > 7 %); Figure B: Subgroup analysis according to study type (Case-Control studies and 

Crossover studies); Figure C: Subgroup analysis according to length of the CIPII-period (≤ 6 months and > 6 months); Figure D: Subgroup analysis according to 

whether or not there was an additional controlled CSII follow-up-period with subsequent CIPII-period.  
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Figure S3b. Summarised subgroup meta-analysis of fasting insulin (pmol/L) in patients during CIPII treatment 

compared to that during control treatment (CSII).  

 

Legends: CIPII, continuous intraperitoneal insulin infusion; CSII, continuous subcutaneous insulin infusion.  
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Figure S4a. Subgroup meta-analysis of daily insulin dose (U/24 hours) in patients during CIPII treatment 

compared to that during control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Figure A: Subgroup analysis 

according to HbA1c levels before starting CIPII treatment (≤ 7 % and > 7 %); Figure B: Subgroup analysis according to study type (Case-Control studies and 

Crossover studies); Figure C: Subgroup analysis according to length of the CIPII-period (≤ 6 months and > 6 months); Figure D: Subgroup analysis according to 

whether or not there was an additional controlled CSII follow-up-period with subsequent CIPII-period.  
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Figure S4b. Summarised subgroup meta-analysis of daily insulin dose (U/24 hours) in patients during CIPII 

treatment compared to that during control treatment (CSII).  

 

Legends: CIPII, continuous intraperitoneal insulin infusion; CSII, continuous subcutaneous insulin infusion.  
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Figure S5a. Meta-analysis of SMBG (mmol/L) in patients during CIPII treatment compared to that during 

control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII); SMBG, self-monitoring of blood 

glucose.  
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Figure S5b. Subgroup meta-analysis of SMBG (mmol/L) in patients during CIPII treatment compared to that 

during control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Figure A: Subgroup analysis 

according to HbA1c levels before starting CIPII treatment (≤ 7 % and > 7 %); Figure B: Subgroup analysis according to study type (Case-Control studies and 

Crossover studies); Figure C: Subgroup analysis according to length of the CIPII-period (≤ 6 months and > 6 months); Figure D: Subgroup analysis according to 

whether or not there was an additional controlled CSII follow-up-period with subsequent CIPII-period.  
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Figure S5c. Summarised subgroup meta-analysis of SMBG (mmol/L) in patients during CIPII treatment 

compared to that during control treatment (CSII).  

 

Legends: CIPII, continuous intraperitoneal insulin infusion; CSII, continuous subcutaneous insulin infusion.  
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Figure S6a. Meta-analysis of cholesterol (mmol/L) in patients during CIPII treatment compared to that during 

control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII).  
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Figure S6b. Subgroup meta-analysis of cholesterol (mmol/L) in patients during CIPII treatment compared to 

that during control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Figure A: Subgroup analysis 

according to HbA1c levels before starting CIPII treatment (≤ 7 % and > 7 %); Figure B: Subgroup analysis according to study type (Case-Control studies and 

Crossover studies); Figure C: Subgroup analysis according to length of the CIPII-period (≤ 6 months and > 6 months); Figure D: Subgroup analysis according to 

whether or not there was an additional controlled CSII follow-up-period with subsequent CIPII-period.  
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Figure S6c. Summarised subgroup meta-analysis of cholesterol (mmol/L) in patients during CIPII treatment 

compared to that during control treatment (CSII).  

 

Legends: CIPII, continuous intraperitoneal insulin infusion; CSII, continuous subcutaneous insulin infusion.  
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Figure S7a. Meta-analysis of triglycerides (mmol/L) in patients during CIPII treatment compared to that 

during control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII).  
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Figure S7b. Subgroup meta-analysis of triglycerides (mmol/L) in patients during CIPII treatment compared to 

that during control treatment (CSII).  

 

Legends: Treatment, continuous intraperitoneal insulin infusion (CIPII); Control, continuous subcutaneous insulin infusion (CSII). Figure A: Subgroup analysis 

according to HbA1c levels before starting CIPII treatment (≤ 7 % and > 7 %); Figure B: Subgroup analysis according to study type (Case-Control studies and 

Crossover studies); Figure C: Subgroup analysis according to length of the CIPII-period (≤ 6 months and > 6 months); Figure D: Subgroup analysis according to 

whether or not there was an additional controlled CSII follow-up-period with subsequent CIPII-period.  
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Figure S7c. Summarised subgroup meta-analysis of triglycerides (mmol/L) in patients during CIPII treatment 

compared to that during control treatment (CSII).  

 

Legends: CIPII, continuous intraperitoneal insulin infusion; CSII, continuous subcutaneous insulin infusion.  
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Data for Egger`s test from STATA 
HbA1c 

meta bias, egger random(reml) tdistribution 

Effect-size label: Mean Diff. 

Effect size: _meta_es 

Std. Err.: _meta_se 

Regression-based Egger test for small-study effects 

Random-effects model 

Method: REML 

H0: beta1 = 0; no small-study effects 

beta1 = -1.10 

SE of beta1 = 1.017 

t = -1.08 

Prob > t = 0.2932 

 

Daily insulin dose 

Model and method 

Model: Random-effects 

Method: REML 

. meta bias, egger random(reml) tdistribution 

Effect-size label: Mean Diff. 

Effect size: _meta_es 

Std. Err.: _meta_se 

Regression-based Egger test for small-study effects 

Random-effects model 

Method: REML 

H0: beta1 = 0; no small-study effects 

beta1 = 0.43 

SE of beta1 = 0.834 

t = 0.51 

Prob > t = 0.6212 
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ABSTRACT
Introduction  The effect of intraperitoneal insulin infusion 
has limited evidence in the literature. Therefore, the aim 
of the study was to investigate the pharmacokinetics and 
pharmacodynamics of different intraperitoneal insulin 
boluses. There is a lack of studies comparing the insulin 
appearance in the systemic circulation after intraperitoneal 
compared with subcutaneous insulin delivery. Thus, we 
also aimed for a comparison with the subcutaneous route.
Research design and methods  Eight anesthetized, non-
diabetic pigs were given three different intraperitoneal 
insulin boluses (2, 5 and 10 U). The order of boluses for 
the last six pigs was randomized. Endogenous insulin 
and glucagon release were suppressed by repeated 
somatostatin analog injections. The first pig was used to 
identify the infusion rate of glucose to maintain stable 
glucose values throughout the experiment. The estimated 
difference between insulin boluses was compared using 
two-way analysis of variance (GraphPad Prism V.8).
In addition, a trial of three pigs which received 
subcutaneous insulin boluses was included for comparison 
with intraperitoneal insulin boluses.
Results  Decreased mean blood glucose levels were 
observed after 5 and 10 U intraperitoneal insulin 
boluses compared with the 2 U boluses. No changes in 
circulating insulin levels were observed after the 2 and 
5 U intraperitoneal boluses, while increased circulating 
insulin levels were observed after the 10 U intraperitoneal 
boluses. Subcutaneously injected insulin resulted in 
higher values of circulating insulin compared with the 
corresponding intraperitoneal boluses.
Conclusions  Smaller intraperitoneal boluses of insulin 
have an effect on circulating glucose levels without 
increasing insulin levels in the systemic circulation. By 
increasing the insulin bolus, a major increase in circulating 
insulin was observed, with a minor additive effect on 
circulating glucose levels. This is compatible with a 
close to 100% first-pass effect in the liver after smaller 
intraperitoneal boluses. Subcutaneous insulin boluses 
markedly increased circulating insulin levels.

INTRODUCTION
Insulin is the major hormone affecting the 
circulating blood glucose levels. An autoim-
mune destruction of the insulin-producing 
beta cells in the pancreas is the cause of 
diabetes mellitus type 1 (DM1). Thus, 
patients with DM1 are totally dependent 

on an external supply of insulin. Usually, 
insulin is supplied subcutaneously, either by 
multiple daily insulin injections or by contin-
uous subcutaneous insulin infusion (CSII) by 
an insulin pump. From a theoretical point 
of view, intraperitoneal delivery of insulin 
mimics the normal physiology more closely 
than subcutaneous insulin delivery.1 Animal 
studies suggest that insulin administration 

Significance of this study

What is already known about this subject?
►► After subcutaneous insulin boluses there is a dose-
dependent increase in circulating insulin levels. This 
has until yet not been properly studied after intraper-
itoneal insulin delivery.

What are the new findings?
►► The increase in circulating insulin levels as well as 
the glucose-lowering effect of intraperitoneally de-
livered insulin appears to be non-linear.

►► We observed a close to 100% first-pass effect in the 
liver after the smaller (2 and 5 U) IP insulin boluses 
with hardly any insulin appearing in the systemic 
circulation concomitant with a major effect on circu-
lating glucose levels.

►► Larger (10 U) intraperitoneal insulin boluses in-
creased systemic circulating insulin levels with only 
a minor further decrease in glucose levels.

How might these results change the focus of 
research or clinical practice?

►► The present results underline the importance of 
the liver in glucose homeostasis, that a first-pass 
effect after a smaller intraperitoneal insulin dose 
approaches 100%, that good glucose control with 
normal circulating insulin levels could be possi-
ble, and that the glucose-lowering effect of insulin 
achieved in extrahepatic tissues throughout the 
body is minor compared with the hepatic effect.

►► The present results underline that the algorithms 
in an artificial pancreas with intraperitoneal insulin 
delivery need to reflect the non-linear relationship 
between intraperitoneal insulin delivered and the 
subsequent effect on systemic circulating glucose 
levels.
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in the portal vein is comparable to endogenous insulin 
delivery from the pancreas and mimics the normal phys-
iological portal and systematic insulin levels and effects 
in the liver.2 However, as intraportal insulin delivery in 
humans probably carries an unacceptable risk of compli-
cations, continuous intraperitoneal insulin infusion 
has been applied instead of CSII in patients with either 
severe subcutaneous insulin resistance or brittle diabetes, 
and with some improvement of HbA1c.3

Intraperitoneally administrated insulin reaches 
maximum circulating insulin levels faster and decreases 
faster than after subcutaneous insulin delivery.3 4 Intra-
peritoneal insulin administration also seems to decrease 
the risk of hypoglycemia.5

The last decade has seen multiple attempts to make an 
artificial pancreas (AP), that is, a fully automated delivery 
of insulin in patients with DM1. So far, almost all attempts 
are based on the double subcutaneous approach, that 
is, both continuous glucose measurements (CGM) and 
insulin delivery in subcutaneous tissue. Unfortunately, 
this approach is hampered by significant delays both 
in subcutaneous CGM and in particular in the glucose-
lowering effect of subcutaneously delivered insulin.1 
Thus, until yet, only hybrid APs are available on the 
marked. Currently, patients must inform their hybrid AP 
about the carbohydrate content of their meals and the 
device will estimate the bolus of insulin to be given.

Aiming to reduce the delays inherent in a double 
subcutaneous AP and to be able to make a true AP 
without the need for multiple daily interventions by the 
users, our research group works on a double intraperito-
neal approach for an AP.1

To develop the control algorithms for such an AP 
with intraperitoneal delivery of insulin we need detailed 
information on the dynamics of intraperitoneal insulin 
boluses and the effect on glucose levels in the systemic 
circulation. With that aim, we performed an animal study 
with frequently repeated measurements of insulin and 
circulating glucose levels after intraperitoneal insulin 
boluses of different sizes.

RESEARCH DESIGN AND METHODS
Animals
Main trial
Between January 2017 and August 2018, eight juvenile, 
non-diabetic, cross-bred pigs (50% Landswine, 50% York-
shire) approximately 3 months of age (one male (36.2 
kg) and seven females (39.5±2.7 kg)) were brought from 
the same local farmer approximately 1 week before the 
trials and acclimatized to the staff and new environment. 
Whenever possible, the pigs were kept in groups in a 
common stall (11.2 m2) with concrete floor covered with 
woodchips. In every stall, a heating lamp was provided. 
In the facility, a day-night photoperiod (night: 21:00–
05:00, dawn: 05:00–07:00, day: 07:00–19:00, dusk: 19:00–
21:00) was maintained at 22°C and a relative humidity of 
45%±5%. The pigs were fed standard food (Format Vekst 

100, Felleskjøpet, Norway) and fresh water was available 
ad libitum. Food was removed 17 hours before the start 
of the trial while water was available until anesthesia was 
initiated.

Additional trial
We also performed an additional trial to investigate 
subcutaneous insulin dynamics and effect on blood 
glucose levels, performed under similar conditions. For 
more details, see online supplemental material section 
'Additional trial'. In short, between May 2019 and January 
2020, three juvenile, non-diabetic, cross-bred male 
pigs (50% Landswine, 50% Yorkshire) approximately 
3 months of age weighing 39.5±4.3 kg were brought from 
the same local farmer and kept in the conditions as in 
the main trial.

Intervention and randomization
In the main trial, the first pig was used to obtain infor-
mation about optimal infusion rate of glucose to main-
tain stable glucose levels throughout the trial days. The 
second pig was used to confirm the chosen infusion rate. 
The remaining six pigs were used to study the pharma-
cokinetics and pharmacodynamics of intraperitoneally 
delivered insulin boluses. However, all pigs received 
boluses of 2, 5 and 10 U of insulin (1 U/s) in the upper 
right quadrant of the intraperitoneal cavity. The order 
of insulin boluses for the first two pigs was 2, 5 and 10 
U. The order of boluses for the last six pigs was random-
ized.6 There were at least 2 hours and 30 min between 
each bolus.

In the additional trial, two pigs received 10 U subcuta-
neous insulin boluses and one pig received a 5 U subcu-
taneous insulin bolus. All subcutaneous insulin boluses 
were performed as the first bolus of the day.

Anesthesia
In both the main trial and the additional trial, anesthesia 
was maintained by intravenous infusion of midazolam 
(0.5 mg/kg/hour) (Accord Healthcare, Middlesex, 
UK) and fentanyl (7.5 µg/kg/hour) (Actavis Group, 
Hafnarfjordur, Iceland) and by inhalation of isoflurane 
(0.5%–2%) (Baxter AS, Oslo, Norway). More detailed 
information regarding the anesthesia protocol is 
provided in the online supplemental material.

Surgical procedure
In both trials, an intra-arterial line was placed in the left 
carotid artery for blood sampling and monitoring of 
physiological parameters and an intravenous line was 
placed in the left internal jugular vein for glucose and 
fluid infusions. Both catheters were inserted through the 
same surgical opening.

The catheter for intraperitoneal delivery of insulin by 
an Animas Vibe insulin pump (Animas, West Chester, 
Pennsylvania, USA) was inserted through 2–3 cm long 
caudal to the umbilicus incision in the abdominal wall. 
The tip of the catheter was inserted intraperitoneally in 
the upper right region but was not fixed in the stationed 
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position. To avoid coagulation, 150 IU of heparin (LEO 
Pharma, Ballerup, Denmark) was injected into the intra-
peritoneal space.

At the end of all trial days, and still under full anes-
thesia, the pigs were euthanized. More detailed infor-
mation is provided in the online supplemental material 
(Surgical procedure).

Endogenous insulin and glucagon secretion
To suppress the endogenous insulin and glucagon secre-
tion, all pigs received the somatostatin analogs octreotide 
(Sandostatin 200 µg/mL, Novartis Europharm, UK) and 
pasireotide (Signifor 0.3 mg/mL, Novartis Europharm).

The somatostatin analogs were injected 1 hour before 
the first insulin bolus of the day. 0.4 mg octreotide was 
injected intravenously and 0.3 mg pasireotide was injected 
subcutaneously. The octreotide injections were repeated 
hourly and the pasireotide injections were repeated every 
3 hours during the trial.

Glucose level
To prevent hypoglycemia, a continuous venous glucose 
infusion was provided through the left internal jugular 
vein and was continued for the duration of the experi-
ment. The blood glucose levels were kept in the range 
of 4.5–5.5 mmol/L before each insulin bolus was given.

In the first pig, we tested different glucose infusion 
rates to identify a suitable rate. In the remaining seven 
pigs, a constant glucose infusion rate of 8 g/hour was 
used throughout the experiments.

In the additional trial, the glucose infusion rate was 
increased in one of the pigs during two separate periods 
due to hypoglycemia. Additionally, all pigs received an 
intraperitoneal glucagon bolus (150 µg) 40 min after the 
insulin bolus.

Accordingly, only the circulating insulin levels from 
the additional trial were compared with the mean circu-
lating insulin levels from the main trial, that is, the 
blood glucose values from the additional trial were not 
compared directly to the results from the main trial due 
to increased glucose infusion rate.

Insulin boluses
At the start of every trial day, a fresh insulin analog 
(100 U/mL, NovoRapid, Novo Nordisk, Denmark) was 
inserted in an insulin pump (Animas Vibe).

In the main trial, all pigs (n=7) received three insulin 
boluses (2, 5 and 10 U) in the upper right intraperito-
neal space. In the additional trial, insulin boluses were 
injected into the subcutaneous tissues in the left side of 
the neck. Two pigs received 10 U boluses and one pig 
received a 5 U bolus.

Glucose and insulin measurements
For both trials, arterial blood samples for glucose analysis 
were collected in heparinized syringes (LEO Pharma). 
Samples were analyzed on a Radiometer ABL 725 blood 
gas analyzer (Radiometer Medical, Brønshøj, Denmark). 
All blood samples were placed on ice immediately after 

extraction from the pigs. Most samples were analyzed 
consecutively, but some samples were stored on ice for a 
maximum of 20 min before analysis.

In the main trial, samples were collected 10, 5 and 1 
min prior to the first somatostatin analog injection, every 
10 min for the first hour after Sandostatin injection, 
every minute for the first 10 min after the insulin bolus, 
and every fifth minute thereafter for the next 110 min.

In the additional trial, samples for blood glucose 
measurements were collected 10, 5 and 1 min prior to 
first somatostatin analog injection and prior to starting 
the glucose infusion. Subsequent blood glucose samples 
were collected 2 min after insulin boluses and thereafter 
every 5 min for the next 118 min.

In both trials, blood samples for insulin analysis were 
stored on ice for at least 10 min before centrifugation (10 
min at 2.000× rpm in a refrigerated centrifuge). Plasma 
was collected from the samples immediately after centrif-
ugation and transferred into empty Eppendorf Tubes 
and temporarily stored at −20°C. At the end of each trial 
day, plasma samples were stored at −80°C.

Plasma insulin was analyzed as singles by Iso-Insulin 
ELISA kit (10-1128-01, Mercodia, Uppsala, Sweden). 
Suppression of endogenous insulin secretion was veri-
fied by analyses of Porcine Insulin ELISA (10-1200-01, 
Mercodia) according to the manufacturer’s protocol. 
The results were converted from mU/L to pmol/L by a 
conversion factor 6, as recommended by the manufac-
turer. The lowest detectable insulin concentration for the 
Iso-Insulin ELISA kit was <3.0 mU/L (18 pmol/L) and 
for Porcine Insulin ELISA was <2.3 mU/L (13.8 pmol/L).

Statistical analysis
From the main trial, data from the last seven pigs were 
used for statistical analysis. We assumed the glucose levels 
at −5 min to be the baseline glucose levels at the start 
before each bolus (online supplemental figure S1).

Delta values collected from the main trial with different 
insulin boluses (2, 5 and 10 U) in the pigs were analyzed. 
In order to estimate possible significant differences in 
circulating insulin and blood glucose levels after IP insulin 
boluses, a two-way repeated measures analysis of variance 
was performed. Treatment and time were the sources of 
variation. Tukey’s multiple comparisons test was used for 
distinguishing comparisons between different insulin 
boluses. All non-measurable insulin values were set at 18 
pmol/L. All treatments are compared as models; there-
fore, comparison between unequal groups is allowed. 
Statistics were performed with GraphPad Prism V.8 Statis-
tics. All values are given as mean±SD, unless stated other-
wise. Differences between the groups were considered 
significant if p≤0.05.

RESULTS
Pilot experiment
The first pig was used for a pilot experiment as we had 
no information about the necessary glucose infusion rate 
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to achieve acceptable glucose values throughout the trial 
days. Based on the results from the first pig, a continuous 
glucose infusion of 8 g/hour (200 mg/mL at 40 mL/
hour) was used throughout the rest of the trial.

Octreotide and pasireotide had the expected effect 
on insulin levels, as there were no detectable endoge-
nous insulin levels (<13.8 pmol/L) during the exper-
iments. Therefore, the same protocol was used for all 
experiments.

Glucose level
In the main trial, the mean blood glucose level at the 
start of the 2, 5 and 10 U insulin boluses was 5.07±0.11, 
5.38±0.06 and 5.31±0.06 mmol/L, respectively (online 
supplemental figure S1A).

The estimated mean blood glucose level after 
the 5 and 10 U intraperitoneal insulin boluses was 
significantly decreased (mean±SE) by 0.48±0.07 and 
0.61±0.07 mmol/L (95% CI 0.31 to 0.65 and 95% CI 
0.44 to 0.79, respectively, p<0.0001) compared with the 
mean blood glucose level after the 2 U insulin boluses 
(figure 1). However, the mean blood glucose level after 
the 10 U intraperitoneal insulin boluses changed only by 
0.13±0.07 mmol/L (95% CI −0.04 to 0.30, p=0.184) and 
was not different from the mean blood glucose level after 
the 5 U intraperitoneal insulin boluses.

Insulin level
No difference in circulating mean insulin level was 
observed after the 2 and 5 U intraperitoneal insulin 
boluses while after the 10 U intraperitoneal insulin 
boluses, the mean insulin level started to increase after 
10 min. The mean insulin level after the 10 U intraper-
itoneal insulin boluses was significantly increased by 
(mean±SE) 7.89±1.07 and 8.37±1.07 pmol/L compared 
with the mean insulin level after the 2 and 5 U intraper-
itoneal insulin boluses (95% CI 1.99 to 5.37 and 95% CI 
5.86 to 10.89, respectively, p<0.0001) (figure  2). Mean 
insulin levels after 5 U compared with 2 U intraperito-
neal insulin boluses were not different (p=0.89).

In the additional trial, the insulin level was increased 
5 min after 5 U subcutaneous insulin bolus (n=1) and the 
mean insulin level was increased 5 min after 10 U subcu-
taneous insulin boluses (n=2) (online supplemental 
figure S4).

In the main trial, all insulin samples were run in singles 
with a coefficient of variation (CV) <5%. Interassay CV 
for Porcine Insulin was 4.1%, 4.3% and 3.3% for 5.04, 
17.6 and 55.4 mU/L standards, respectively. Interassay 
CV for Iso-Insulin was 4.9% and 4.7% for 9.84 and 60.7 
mU/L standards, respectively.

Comparison of intraperitoneal and subcutaneous insulin 
boluses
The mean circulating insulin level increased more after 
subcutaneous insulin boluses compared with intraper-
itoneal insulin boluses (p value not calculated due to 
low numbers) (online supplemental figures S2A,B, S5 
and S6). Further, after the 10 U intraperitoneal insulin 

Figure 1  Glucose dynamics. Estimated blood glucose 
change for the 120 min after intraperitoneal insulin delivery 
in pigs (mean, SD). The 5 and 10 U intraperitoneal bolus 
gave significantly higher glucose elevations compared with 
2 U intraperitoneal bolus. Insulin boluses: 2 U intraperitoneal 
insulin bolus (n=7, green line), 5 U intraperitoneal insulin 
bolus (n=7, blue line) and 10 U intraperitoneal insulin bolus 
(n=7, red line).

Figure 2  Insulin dynamics. Estimated insulin change for the 
120 min after intraperitoneal insulin delivery in pigs (mean, 
SD). The 10 U intraperitoneal bolus gave significantly higher 
insulin elevation compared with 2 and 5 U intraperitoneal 
boluses. Insulin boluses: 2 U intraperitoneal insulin bolus 
(n=7, green line), 5 U intraperitoneal insulin bolus (n=7, blue 
line) and 10 U intraperitoneal insulin bolus (n=7, red line).
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boluses, the mean circulating insulin level was close 
to baseline after 80 min, whereas after the 5 and 10 U 
subcutaneous insulin boluses, the insulin levels were still 
elevated after 140 min (figure 3).

DISCUSSION
The results of this animal trial indicate that: (1) after 
intraperitoneal insulin delivery there is a threshold dose 
before insulin appears in the systemic circulation, and 
(2) there is clear non-linear relationship between the 
intraperitoneal insulin dose and its glucose-decreasing 
effect. This is in contrast to the effect of subcutaneous 
insulin boluses seen in humans, where a linear associa-
tion between increasing insulin doses and decreasing 
blood glucose is observed.7

In the additional trial, higher circulating insulin levels 
were observed after the subcutaneous compared with 
the intraperitoneal insulin boluses. Markedly increased 
circulating insulin levels after subcutaneous delivery had 
no effect or a much smaller effect on circulating insulin 
levels after intraperitoneal delivery of the same insulin 
bolus.

Previous human studies on intraperitoneal insulin 
infusion in humans did not report any major difference 
between circulating insulin levels when intraperitoneal 
was compared with either subcutaneous insulin boluses 
(0.2 U/kg)8 or insulin infusion (5 U for 30 min followed 
by 2 U/hour for 3 hours).9 One possible explanation may 
be that our data are generated from anesthetized pigs 
while the previous data are from human studies. Our data 
are also limited by the small number of pigs and insulin 

boluses used and need to be confirmed in additional 
studies with preferably a larger number of animals. We 
observed in our pig trials that both 2 and 5 U intraper-
itoneal insulin boluses did not increase the mean circu-
lating insulin level, while the 10 U intraperitoneal insulin 
bolus significantly increased the mean circulating insulin 
level. This indicates that more or less all intraperitoneally 
delivered insulin, at least after the two smaller boluses, is 
absorbed into the portal circulation and that there is a 
substantial hepatic first-pass effect absorbing more or less 
all insulin delivered to the liver from the portal vein.10

A hepatic first-pass effect of up to 80% has been shown 
in an in vitro model.11 Our data are consistent with that 
observation. Actually, our data indicate a close to 100% 
first-pass effect of insulin in the liver before the mech-
anism for hepatic insulin absorption is saturated. The 
liver is the major organ involved in glucose homeostasis. 
Our observation that there is hardly any difference in 
the glucose-lowering effect after the 5 and 10 U intra-
peritoneal insulin boluses is probably explained by this 
first-pass effect in the liver when the insulin delivery from 
the portal vein reaches a certain level. When this level of 
insulin is reached, the liver cannot absorb more glucose 
per unit time, that is, the hepatic capacity for glucose 
disposal is saturated and further increase in total body 
glucose disposal can only be achieved in extrahepatic 
tissues such as muscle and fat. This is illustrated by the fact 
that despite doubling the intraperitoneal insulin boluses 
from 5 to 10 U hardly any further decrease in circulating 
glucose is observed. This is compatible with the liver 
being saturated with insulin after a 5 U intraperitoneal 
bolus and no further effect on hepatic glucose disposal 
is achievable despite increasing intraperitoneal insulin 
doses. Similar results were observed in human studies 
where higher insulin doses were provided during the 
intraperitoneal insulin treatment without any increase in 
hypoglycemic events, as compared with the subcutaneous 
insulin delivery.12

Increasing the intraperitoneal insulin boluses to 10 
U means that circulating insulin levels increase while 
the glucose-lowering effect is minimally increased. This 
illustrates that what can be achieved by insulin-mediated 
glucose disposal by other tissues such as fat and muscle is 
quite limited compared with the hepatic effect.13–15

We cannot exclude that the order of the boluses may 
influence the results. First, we were not able to look into 
this due to the low number of animals in our study, but we 
observed that during the trial day (8 hours), the amount 
of intraperitoneal fluid increased. Therefore, we hypoth-
esize that increased amount of intraperitoneal fluid may 
reduce the speed of insulin absorption as previously 
suggested.16 Second, as we gave the largest bolus (10 U) 
first, we trespassed the saturation in the liver, and the 
excess was distributed peripherally, and there may then 
be a larger chance that the next boluses of 2 and 5 U will 
be distributed peripherally as well, because of a possible 
lasting effect of the 10 U bolus on the hepatic insulin 
saturation. If so, the opposite may be the issue, when we 

Figure 3  Insulin change after intraperitoneal and 
subcutaneous insulin boluses. Estimated insulin changes 
for the 120 min after intraperitoneal insulin delivery and 
for the 140 min after subcutaneous insulin delivery in pigs. 
Statistical testing was not provided based on limited number 
of included animals. Insulin boluses: 2 U intraperitoneal 
insulin bolus (n=7, green line), 5 U intraperitoneal insulin 
bolus (n=7, blue line), 10 U intraperitoneal insulin bolus (n=7, 
red line), 5 U subcutaneous insulin bolus (n=1, blue dashed 
line) and 10 U subcutaneous insulin bolus (n=2, red dashed 
line).
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give 2 U as the first bolus of the day. In that case, theoret-
ically a smaller proportion of the subsequent bolus of 5 
or 10 U will be distributed peripherally, because most of 
that insulin bolus will be bound in the liver, because the 
previous 2 U insulin bolus far from saturated the liver. 
However, we do not know how long insulin exerts its 
effect in the liver and the hepatic saturation is repealed.

The fact that the more or less linear relationship 
between insulin dose and effect on blood glucose levels 
observed after subcutaneous insulin delivery is quite 
different when insulin is delivered intraperitoneally, illus-
trates that the steering algorithms for an AP with subcu-
taneous insulin delivery cannot be transferred directly to 
an AP with intraperitoneal insulin delivery. This means 
that the mathematical model used in the controller (or 
the simulator we would test the controller on) should 
probably include information about this strong non-
linearity. It is noteworthy that, when given intraperitone-
ally, a substantial effect on blood glucose levels can be 
achieved without any increase in circulating insulin levels 
and that a doubling of a medium insulin dose hardly 
induces further glucose-lowering effect.

Strengths and limitations of the study
The strengths of our trial are (1) frequent blood sampling 
before and for a relatively long period after each of the 
insulin boluses, (2) randomized order of boluses (in 6 
out of 7 pigs), (3) equal age and gender of the pigs, (4) 
verified complete suppression of endogenous insulin 
secretion, (5) equal glucose levels at the initiation of the 
experiments and equal glucose infusion rate which makes 
the observed glucose effects more trustworthy (main 
trial), and (6) data from intraperitoneal insulin boluses 
were compared with subcutaneous insulin boluses with 
similar sampling times and similar protocol through the 
trials.

Among the limitations are (1) weights of the animals 
varied somewhat while insulin boluses were fixed, (2) 
limited number of included animals, especially in the 
additional trial with subcutaneous insulin boluses, (3) 
animals were anesthetized during the study, therefore 
obtained data do not reflect awakening animal dynamics 
of insulin absorption and effects, and (4) during the 
experiments animals accumulated different amounts of 
intraperitoneal fluid possibly affecting insulin absorption 
and effect.

CONCLUSIONS
In pigs, small to medium intraperitoneal insulin boluses 
(2 and 5 U) decrease circulating glucose levels without 
increasing insulin levels in the systemic circulation. By 
increasing the insulin bolus further (to 10 U), we observed 
a major increase in circulating insulin levels while only 
a minor additional lowering of blood glucose levels was 
observed. This is compatible with a close to complete 
first-pass effect in the liver after small to medium-sized 
intraperitoneal insulin boluses.
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Online supplementary materials 

Title ”Intraperitoneal insulin administration in pigs: Effect on circulating 

insulin and glucose levels” 

1 RESEARCH DESIGN AND METHODS 

1.1 Anaesthesia 
The pigs were premedicated with an intramuscular injection of 4 mg diazepam (Stesolid®, 

Actavis Group, Hafnarfjordur, Iceland), 160 mg azaperone (Stresnil®, Eli Lilly Regional 

Operations GmbH, Austria) and 750 mg ketamine (Ketalar®, Pfizer AS, Norway), while in a stall. 

The pigs were carried to the operation room and weighed. An aurical vein was cannulated and 

anaesthesia was induced with intravenous injections of 1 mg atropine (Takeda AS, Asker, 

Norway), 150 – 250 µg fentanyl (Actavis Group, Hafnarfjordur, Iceland), 75 – 125 mg thiopental 

(VUAB Pharma AS, Roztoky, Czech Republic) and 150 – 250 mg ketalar (Ketalar®, Pfizer AS, 

Norway). The same method was used in our previous animal trials [1]. 

The pigs were intubated in the lateral position and mechanically ventilated and monitored on 

an anaesthesia machine (Aisys, GE Healthcare Technologies, Oslo). Anaesthesia was maintained 

by intravenous infusion of midazolam (0.5 mg/kg/h) (Accord Healthcare Limited, Middlesex, UK) 

and fentanyl (7.5 µg/kg/h) (Actavis Group, Hafnarfjordur, Iceland) and by inhalation of 

isoflurane (0.5 – 2 %) (Baxter AS, Oslo, Norway). Room temperature was around 20 degrees 

Celsius. The body temperature of the pigs was monitored, and a heating blanket was used 

when necessary.  

 The pigs received two IV infusions of antibiotic (Cefalotin, Villerton Invest SA, Luxembourg) 

during the experiments; 2 g immediately after the pigs were anaesthetised and 1 g after 4 

hours. Heparin (150 IE) (LEO Pharma A/S, Ballerup, Denmark) were injected in the peritoneal 

space through the opening for catheter insertion. Fluid balance was achieved by continuous IV 

infusion of Ringer’s acetate with individual adjustments to achieve stable blood pressure. The 

pigs also received IV fluid through antibiotics, glucose infusion and when the catheters were 

flushed after every blood sample.  



1.2 Additional trial. 
The additional trials were performed for a non-related study. 

In contrast to the main study, two of the pigs in the additional study received an increased 

glucose infusion rate 20 and 70 minutes after the SC insulin bolus, respectively. All three pigs 

were also given an intraperitoneal (IP) glucagon bolus 40 minutes after the SC insulin injection. 

The total fluid loss during the experiments is not known, but estimates suggest that the pigs 

were in positive fluid balance, even at the lower infusion regimen. 

1.3 Surgical procedure 
The pig was scrubbed with chlorhexidine (20 mg/ml) (Sage Products, The Netherlands) and 

covered with an operation blanket. An intra-arterial line was placed in the left carotid artery for 

blood sampling and monitoring of physiological parameters and an IV line was placed in the left 

internal jugular vein for glucose and fluid infusions. Both catheters were inserted through the 

same cut-down. 

Catheter for IP insulin infusion by an insulin pump was inserted through a 2 – 3 cm long caudal-

umbilicus incision in the abdominal wall. The tip of the catheter was inserted in the upper right 

IP region but was not fixed in the stationed position. To avoid coagulation heparin (150 IE) (LEO 

Pharma A/S, Ballerup, Denmark) was injected in IP space. Opening was closed with medical 

clamps and catheter was fixed with tape. The bladder was exposed through a small, low 

laparotomy for the insertion of a bladder catheter. Both cuts were made with a thermocauter 

to minimise bleeding into the abdominal cavity. 

At the end of the experiments, and under full anaesthesia, the pigs were euthanised with an IV 

overdose of pentobarbital (minimum 100 mg/kg) (pentobarbital NAF, Apotek, Lørenskog, 

Norway). 

 

 



2 RESULTS 

2.1 Main trial 
2.1.1 Raw blood glucose levels after IP insulin boluses 

Raw blood glucose levels were measured for 120 minutes after administration of insulin boluses in pigs 

(n = 7). Fig S1a presents data from all time points, whereas Fig S1b shows specifically data from first 30 

minutes. 

 

Figure S1a. Blood glucose levels after IP insulin boluses. 

 

Figure S1b. Blood glucose levels for the first 30 minutes after IP insulin boluses. 



 

2.1.2 Raw insulin levels after IP insulin boluses 

Raw insulin levels were measured for 120 minutes after administration of insulin boluses in pigs (n = 7). 

Fig S2a presents data from all time points, whereas Fig S2b shows specifically data from first 30 minutes. 

 

Figure S2a. Insulin levels after IP insulin boluses. 

 

 

Figure S2b. Insulin levels for the first 30 minutes after IP insulin boluses. 



2.2 Additional trial 
2.2.1 Raw blood glucose levels after SC insulin boluses 

Data from raw blood glucose levels are presented in Fig S3. The glucose infusion rate was increased in 

one of the pigs during two separate periods due to hypoglycaemia. Additionally, all pigs (n = 3) received 

an IP glucagon bolus (150 µg) 40 minutes after the insulin bolus. 

 

Figure S3. Blood glucose levels after SC insulin boluses. 

2.2.2 Raw insulin levels after SC insulin boluses 

Data from raw insulin levels are presented in Fig S4.  

 

Figure S4. Insulin levels after SC insulin boluses. 



Duration of presented measurements differ between blood glucose and insulin levels due the start of 

glucose infusion in the pigs 120 minutes after insulin boluses. 

2.2.3 Insulin delta values after SC insulin boluses 

Insulin delta values are presented in Fig S5. 

 

Figure S5. Insulin levels change after SC insulin boluses. 

2.3 Comparison between Intraperitoneal and subcutaneous insulin boluses 
2.3.1 Raw data comparison between IP and SC insulin boluses 

Raw data comparison between IP insulin boluses (n = 7) and SC insulin boluses is presented in Fig S6. 

 

Figure S6.  Insulin levels after IP and SC insulin boluses. 
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Significance of this study

What is already known about this subject?
►► Glucagon is usually given subcutaneously in pa-
tients with diabetes mellitus type 1 to treat severe 
hypoglycemia.

►► Glucagon has also been used in dual-hormone arti-
ficial pancreas with some improvement in glucose 
control.

What are the new findings?
►► Glucagon injected intraperitoneally gives a higher 
glucose response 4 min after administration and 
affects blood glucose for a shorter period compared 
with subcutaneous injection.

How might these results change the focus of 
research or clinical practice?

►► The present results should encourage research on 
the feasibility of combined intraperitoneal adminis-
tration of insulin and glucagon as part of an artificial 
pancreas in humans.

Abstract
Objective  Hypoglycemia is a frequent and potentially 
dangerous event among patients with diabetes mellitus 
type 1. Subcutaneous glucagon is an emergency 
treatment to counteract severe hypoglycemia. The effect 
of intraperitoneal glucagon delivery is sparsely studied. 
We performed a direct comparison of the blood glucose 
response following intraperitoneally, subcutaneously and 
intravenously administered glucagon.
Research design and methods  This is a prospective, 
randomized, controlled, open-label, crossover trial in 
20 octreotide-treated rats. Three interventions, 1  week 
apart, in a randomized order, were done in each rat. All 
20 rats were given intraperitoneal and subcutaneous 
glucagon injections, from which 5 rats were given 
intravenous glucagon injections and 15 rats received 
placebo (intraperitoneal isotonic saline) injection. The dose 
of glucagon was 5 µg/kg body weight for all routes of 
administration. Blood glucose levels were measured before 
and until 60 min after the glucagon/placebo injections.
Results  Compared with placebo-treated rats, a significant 
increase in blood glucose was observed 4 min after 
intraperitoneal glucagon administration (p=0.009), 
whereas after subcutaneous and intravenous glucagon 
administration significant increases were seen after 8 min 
(p=0.002  and p<0.001, respectively). In intraperitoneally 
treated compared with subcutaneously treated rats, the 
increase in blood glucose was higher after 4 min (p=0.019) 
and lower after 40 min (p=0.005) and 50 min (p=0.011). 
The maximum glucose response occurred earlier after 
intraperitoneal compared with subcutaneous glucagon 
injection (25 min vs 35 min; p=0.003).
Conclusions  Glucagon administered intraperitoneally 
gives a faster glucose response compared with 
subcutaneously administered glucagon in rats. If 
repeatable in humans, the more rapid glucose response 
may be of importance in a dual-hormone artificial pancreas 
using the intraperitoneal route for administration of insulin 
and glucagon.

Introduction
Patients with diabetes mellitus type 1 (DM1) 
are treated with either repeated or continuous 
subcutaneous delivery of insulin to counteract 
hyperglycemia. Improved glucose control 

is important, as chronic hyperglycemia may 
induce neuropathy, nephropathy, retinop-
athy, and cardiovascular diseases.1 2 Achieving 
euglycemia is challenging due to slow absorp-
tion and delayed glucose-lowering effect of 
subcutaneously administrated insulin. This 
makes it difficult to achieve optimal postpran-
dial glucose control without the risk of subse-
quent hypoglycemia.3 Repeated and frequent 
episodes of hypoglycemia are associated with 
impaired neuroendocrine counter-regulation 
and symptom perception and deterioration 
of cerebral functions and may lead to hypo-
glycemia unawareness.4 Therefore, the central 
nervous system’s adaptation to frequent short-
term hypoglycemias may contribute to the 
increased incidence of severe hypoglycemia.5 
Despite many small improvements in the 
treatment of DM1 during the last decades, 
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hypoglycemia remains a challenge for many patients with 
DM1.6–8

Glucagon is used for treating severe hypoglycemia 
when patients with DM1 are unconscious and unable 
to consume carbohydrates. The standard treatment 
for adults is an intramuscular, intravenous or subcuta-
neous injection of 1 mg of glucagon. Whether this dose 
is optimal for all routes of administration has hardly 
been studied.9 10 The glucose increasing effect depends 
on the dose of the injected glucagon,11 amount of liver 
glycogen12 and baseline blood glucose level.13 When 
studied in healthy men, there seems to be no major 
difference in the glucose effect between intramuscular 
and subcutaneous administration.14 15 Recently, smaller 
glucagon doses have been used with success to avoid mild 
or impending hypoglycemia in children and adults.6 11 16 
Glucagon used as an emergency nasal spray and nasal 
powder has been launched as an alternative route of 
administration, providing a success rate in treating hypo-
glycemia similar to intramuscular injections.17–19

Recent work on algorithm-steered insulin delivery 
(ie, artificial pancreas (AP)) provides improvements to 
glucose regulation. Unfortunately, this automatically 
controlled (closed loop) delivery of insulin carries certain 
limitations, as nearly all recent developments depend on 
a double subcutaneous approach, that is, both glucose 
measurements and insulin delivery are in the subcuta-
neous tissue. The limitations are due to slow subcuta-
neous glucose dynamics secondary to both delayed and 
slow subcutaneous insulin absorption, which unavoidably 
lead to alternating periods of either a lack or excess of 
circulating insulin.20 To solve the challenge of relative 
insulin excess, some research groups have incorporated 
glucagon as a counter-regulator in the AP system, to coun-
teract imminent hypoglycemia, that is, a dual hormonal 
AP.7 21 22 Despite achieving as low as 3% of time in hypo-
glycemic range during day and night closed loop control, 
hypoglycemia still remains a substantial daytime problem 
also in this subcutaneous dual-hormone approach.23 
Therefore, new routes should be explored to find better 
solutions for prevention of hypoglycemia.

Intraperitoneal glucagon administration has only been 
reported from a few animal studies.24 25

The main aim of this study was to compare the glucose 
increasing effect after subcutaneous and intraperitoneal 
delivery of glucagon, and to investigate the potential for 
intraperitoneal delivery of small doses of glucagon in 
an AP. Intravenous delivery of hormones is less realistic 
in free-living conditions. Therefore, intravenous route 
was only included in the study as an additional route 
to obtain more information on glucose dynamics after 
glucagon delivery, and not included as a main outcome in 
the paper. We hypothesized that the glucose response is 
faster after intraperitoneal compared with subcutaneous 
administration of glucagon. To investigate this hypoth-
esis, we compared the immediate glucose response after 
intraperitoneal, subcutaneous and intravenous adminis-
tration of glucagon in an animal model.

Research design and methods
Pilot study
A pilot study was performed on 10 rats to refine the 
experimental protocol and to determine the glucagon 
dose to be used in the main study. Detailed explanation 
is available in the online supplementary material.

Animals
In the main study male Sprague Dawley rats (n=20) (initial 
weight 470–615 g; Janvier Labs, France), in groups of three, 
were kept in plastic solid bottom cages (515×381×256 
mm, Tecniplast, Italy) on sawdust. The rats were acclima-
tized to the animal facility and maintained on 12-hour 
light–12-hour dark photoperiod at 20–24°C and a relative 
humidity of 55%±5%. They were fed expanded pellets 
(Special Diets Services RM1 for rats, UK) and fresh water 
was available ad libitum. To reduce stress and the possible 
effect of stress on glucose levels, the rats were trained to 
accept general handling and use of a restrainer (Harvard 
Apparatus, Holliston, USA) for 3 weeks prior to the start of 
experiments.

Intervention groups and randomization
The assignment to intervention groups (n=20) and the 
order of procedures in each rat were randomized by 
creating random permutations of treatment and interven-
tion groups. The glucagon dose was 5 µg/kg body weight 
(BW) for all interventions except placebo. All rats (n=20) 
received intraperitoneal and subcutaneous injection of 
glucagon, 15 of the rats received placebo intraperitoneal 
injections of 1 mL/kg BW of isotonic saline. The volume 
of placebo injection (1 mL/kg BW) was similar to the intra-
peritoneal glucagon injection (approximately 500 µL). 
To obtain information also after intravenous delivery of 
glucagon, five of the rats were administered intravenous 
glucagon (see online supplementary tables 2a and b). 
There was at least 1 week between each test procedure on 
each rat. To avoid bias based on metabolic individualities, 
trials were performed in the 12-hour light period, and all 
procedures in each individual rat were done at approxi-
mately the same time as of the light cycle. Group size was 
determined by the resource equation method.26

Technical challenges
The rats were monitored for the entire sampling period 
(70 min) and surveyed for signs of stress. Except when 
the rats were anesthetized, they were kept in restrainers to 
facilitate blood sampling. Restrainers of two different sizes 
were tested before the start of the experiment. For most of 
the rats, the restrainers were either too large or too small. 
Thus, the larger restrainer was used for all rats, and a paper 
tissue was rolled up and taped vertically to the inside of the 
restrainer at a level behind the rat’s shoulder, to prevent 
the smaller rats from turning around inside the restrainer.

Procedures
Food was removed 1 hour before the start of the proce-
dure and water was available ad libitum. The individual 
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glucagon and octreotide doses were based on the animal’s 
weight on the day of the procedure.

Endogenous glucagon secretion
To suppress the endogenous glucagon and insulin secre-
tion during the procedures, all rats received two subcuta-
neous injections of 10 µg/kg BW octreotide (Sandostatin 
200 µg/mL, Novartis Europharm, UK). The first injec-
tion was given approximately 30 min before the start of 
each procedure and the second at the time of glucagon/
placebo injection. Octreotide was given subcutaneously 
in the neck, but not at the same location as the subcuta-
neous glucagon injection.

Anesthesia
To prevent accidental movements in the time of the proce-
dure, the rats were anesthetized with isoflurane (Isoflu-
rane, Baxter, Oslo, Norway; 5% IF, 95% air in chamber; 
2% IF, 95% air on face mask) for two short intervals at 
the start of each procedure. During the first anesthesia 
period, a cut in the tail for collection of blood samples 
was made. During the second anesthesia period, an injec-
tion of glucagon or placebo was given. When required, 
additional anesthesia was provided to rats showing signs 
of stress while kept in the restrainer.

Glucagon challenge
Glucagon (Glucagon, Novo Nordisk, Denmark) was 
diluted by 0.9% NaCl to a concentration of 5 µg/mL 
and the rats were given 5 µg/kg BW. Glucagon solutions 
were kept in a refrigerator and used the same day they 
were made. Solutions were warmed to approximately 
body temperature just before administration. Subcuta-
neous glucagon was injected at the back of the neck, and 
intraperitoneal glucagon and placebo (an equal volume 
of 0.9% NaCl) in the lower part of the abdomen, with 
the rat held at an angle after its hind legs. Intravenous 
glucagon was given in the lateral tail vein that was not 
currently used for blood sampling.

Glucose measurement
After disinfecting the skin, a 6–9 mm cut was made with a 
straight-edged scalpel over the lateral tail vein two-thirds 
down the length of the tail for blood sampling. Samples 
were collected 10, 5 and 1 min prior to glucagon injec-
tion, and 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, and 60 min 
after the glucagon or placebo injections. Whenever 
needed, the vein was carefully reopened with the tip of 
the scalpel to ensure sufficient blood flow for sampling.

Blood for glucose analyses was collected directly in 
heparinized capillary tubes (35 µL, Clinitubes, Radiom-
eter Medical ApS, Brønshøj, Denmark), and stored on 
ice for a maximum of 30 min before analysis on a blood 
gas analyzer (Radiometer ABL 725, Radiometer Medical 
ApS). To ensure sufficient blood flow for sampling, the 
vein was gently stroked from the base of the tail and 
toward the wound, and the first small drop of blood was 
removed. For the third intervention, both veins had been 
used for sampling at former trials, and the new cut was 

made proximal to the older cut. Occlusion of the rat’s tail 
vein occurred in only one rat, and in this case the vein on 
the other side of the tail was used.

Animal welfare
The rats were given non-steroidalanti-inflammatory 
drugs (Metacam vet, Boehringer Ingelheim Vetmedica) 
1 mg/kg BW as a single subcutaneous injection at the 
end of the two first procedures. A suture, to close the 
wound and stop the bleeding at the end of the proce-
dure, was necessary in 19 cases. The wounds healed well 
after sampling regardless of the wound being sutured or 
not, and no wound infections were observed. After the 
third procedure, the rats were euthanized with an intra-
venous injection of pentobarbital (100 mg/kg) (Norges 
Apotekerforening, Norway) under isoflurane anesthesia.

Statistical analysis
The relationship between glucose levels and time was 
analyzed for all interventions using a mixed linear model 
with the combination of time and treatment as the fixed 
effect. The dependent variable was defined as log glucose 
concentration to achieve normal distribution. To account 
for multiple measurement series on each rat, rat identi-
fication was included as a random effect. To account for 
dependence within each series, the error term for each 
series was specified as a first-order autoregressive process 
AR (1) series accounting for minutes between measure-
ments. Mean changes in glucose concentrations from −1 
min to 2–60 min for the four treatments were compared 
using the Wald test. Maximum concentration and time 
until maximum concentration of the estimated model for 
the treatments were compared using the Mann-Whitney 
U test. To eliminate the effect of placebo intervention on 
the glucose response, the mean value of the 15 placebo 
interventions was subtracted from the mean value of the 
20 subcutaneous and intraperitoneal interventions and 
the mean value of the 5 intravenous interventions at 
the given time points. All interventions are compared as 
models; therefore, comparison between unequal groups 
is allowed.27 The software package R was used to analyze 
the data.28 All values in the text are given as mean±SE of 
the mean, unless stated otherwise. Differences between 
the group means were considered statistically significant 
at a threshold of p≤0.05.

Results
In general, the rats stayed calm during the experimental 
procedures. Thirteen incidents occurred during 60 
procedures, in which the rats turned around inside the 
restrainers or showed signs of stress and consequently 
were taken out of the restrainer and repositioned. A 
similar number of incidences were found in all interven-
tions (four during the intraperitoneal, four during the 
subcutaneous and three during the intravenous interven-
tion). These incidents included two rats in whom stress 
was observed during three procedures (intraperitoneal, 
subcutaneous and intravenous). Two incidents of stress 
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Figure 1  Estimated glucose delta values (mmol/L) after glucagon injection (5 µg/kg) in octreotide-treated rats. Green 
line represents intravenous (IV) intervention, blue line represents subcutaneous (SC) intervention, and red line represents 
intraperitoneal (IP) intervention. The glucose response for the placebo group has been subtracted from all groups presented in 
the figure. *Represents significant difference between intraperitoneal and subcutaneous of glucagon delivery. Note: For one rat 
in intraperitoneal intervention, delta values were calculated using the −5 minute measurement (−1 minute for other rats).

Metabolism

were observed during the placebo procedure; however, 
no increase in blood glucose levels from baseline was 
observed (data not shown).

Additional anesthesia during blood sampling was 
needed during 10 intraperitoneal, 10 subcutaneous, 
5 intravenous, and 5 placebo interventions, and 
the mean±SD time in anesthesia was 13.8±5.5 min 
(14.05±5.47, 13.55±4.37, 20±9.43 and 12±4.85, respec-
tively). The rats were conscious for the rest of the 70 
min procedure. After individually analyzing data from 
the 16 rats which received the longest duration of anes-
thesia (time in anesthesia 15–31 min, subcutaneous n=5, 
intraperitoneal n=5, placebo n=3 and intravenous n=3), 
only two rats (subcutaneous intervention, n=2) showed 
prolonged elevated glucose levels and no decrease of 
glucose values at the end of the intervention (at 60 min) 
(data not shown).

Glucose level
For calculation of glycemic state for rats at the begin-
ning of the interventions, a mean baseline glucose was 
calculated according to the mean of three measurements 
preceding the intervention (−10, –5 and −1 min), and 
in addition a mean±SD in each intervention group was 
calculated. Blood glucose levels at the beginning of the 
intraperitoneal, subcutaneous, intravenous and placebo 
interventions were 6.72±0.90, 6.47±0.81, 6.17±1.12 and 
6.51±0.81 mmol/L, respectively (see online supplemen-
tary figure 1).

Compared with placebo, glucose was significantly 
increased 4 min after intraperitoneal glucagon injec-
tion (p=0.009, n=20), and 8 min after subcutaneous 
(p=0.002, n=20) and intravenous (p<0.001, n=5) injec-
tions (figure 1).

Comparing intraperitoneal glucagon injections with 
subcutaneous, the glucose increase after intraperitoneal 
glucagon was significantly higher at 4 min (p=0.019) 
and significantly lower at 40 (p=0.005) and 50 min 
(p=0.011) (figure  1). Comparing intravenous glucagon 
injections with intraperitoneal, the glucose increase after 
intravenous injection was significantly higher at 20 min 
(p=0.001). At the other time points, no significant differ-
ences were observed.

An increase in glucose levels was seen after all three 
routes of glucagon delivery, but there was no signifi-
cant difference (p=0.52) in absolute maximum blood 
glucose value after intraperitoneal glucagon injection 
(9.74 mmol/L) compared with subcutaneous injection 
(10.3 mmol/L). The estimated time until the maximum 
glucose value was significantly shorter (p=0.003) after 
intraperitoneal glucagon injection (25 min) versus 
subcutaneous glucagon injection (35 min) (see online 
supplementary figure 1).

Discussion
The results of this study indicate that the glucose 
response in rats comes earlier when glucagon is injected 
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intraperitoneally than when injected subcutaneously. 
Second, the maximum effect of glucose increase appears 
earlier, and the glucose response diminishes faster after 
intraperitoneal compared with subcutaneous glucagon 
injection.

The peritoneal lining is highly vascularized, and the 
blood capillary density in the peritoneal lining varies 
between individuals (higher amount in infants (0–1 
year) and adults, and lower amount in children).29 There 
is no systematic variation in histological parameters in 
different parts of the peritoneum.29 30 Compared with 
subcutaneous absorption, peritoneal absorption may 
be faster due to a shorter distance to reach the capil-
laries and easier diffusion into the bloodstream. From 
animal studies, we know that most of the intraperito-
neally injected insulin enters the portal vein and passes 
the liver before entering the systemic circulation.31–33 
Consequently, after intraperitoneal delivery, glucagon 
probably reaches the liver both earlier and at a higher 
concentration and thereby promotes hepatic gluconeo-
genesis earlier as compared with subcutaneously injected 
glucagon. This is compatible with our observation of 
faster glucose increase after intraperitoneal injection of 
glucagon compared with other injection routes. It also 
fits well with the observed earlier maximum glucose 
response after intraperitoneally injected compared with 
subcutaneously injected glucagon. Interestingly, time 
until maximum blood glucose increase after subcuta-
neous injection in our animal model is similar to what is 
observed in humans with diabetes.11

Our finding of an earlier rise in blood glucose after 
intraperitoneally injected glucagon, compared with 
subcutaneous injection, is difficult to compare with 
previous studies as blood glucose was measured at 
different time points and intervals. In previous studies, 
blood glucose was only measured 2024 and 3025 min after 
glucagon injection. Moreover, the study by Zlotnik et al25 
provided only data of intraperitoneal glucagon injection.

In the present study, blood glucose was lower after 
intraperitoneal compared with subcutaneous injection 
of glucagon at time points 40 and 50 min. Fifty minutes 
after glucagon injection, a declining blood glucose was 
observed in all routes (intraperitoneal, subcutaneous 
and intravenous) of administration. This differs from a 
previous study in rats,25 where after intraperitoneal injec-
tions of glucagon a significant rise in glucose levels was 
observed after 30, 60, 90 and 120 min. However, after 
60–90 min, a flattening of the blood glucose curve was 
observed and at 120 min blood glucose subsequently 
decreased. This discrepancy between the previous and 
the present results may depend on the fact that in the 
previous study, rats were anesthetized during the whole 
procedure with isoflurane,25 while in the present study 
we limited isoflurane use as much as possible (see online 
supplementary material). We also treated the rats with 
octreotide to inhibit endogenous release of insulin 
and glucagon during the experiments. Interestingly, in 
the previous study no difference in plasma glucose was 

observed in the control group, while in our pilot study, 
with extended use of isoflurane, we observed an increase 
in glucose levels (see online supplementary material). A 
glucose increasing effect of isoflurane has been described 
previously.34

Loxham et al24 demonstrated results similar to our 
study, where, after intraperitoneal injection of glucagon 
in non-diabetic rats, the glucose response after intra-
peritoneal administration was higher after 20 min and 
lower after 45 min compared with subcutaneous adminis-
tration. Baseline glucose levels were also similar to ours. 
However, the authors did not mention whether anes-
thetics were used.24 Noteworthy, Loxham et al24 suggested 
that different strains of rats may react differently to a 
sudden rise in counter-regulators (in this case glucagon), 
making comparison between different strains of rats 
difficult.

Our glucagon dose of 5 µg/kg BW was only 2.5% of the 
dose used by Loxham et al24 (200 µg/kg) and only 1% 
of the dose used by Zlotnik et al25 (50 µg/100 g). We do 
not have information about why these particular doses 
were chosen. Another aspect is that previous authors 
used naïve rats, whereas the rats in the present study were 
treated with octreotide.35 Our study provides information 
about possible doses of glucagon with which glucagon 
saturation is reached (see online supplementary mate-
rial). It seems that in our study a glucagon dose of 5 µg/
kg BW was appropriate (see online supplementary mate-
rial) based on the observed blood glucose increase of 
around 3 mmol/L in all injection routes.

Our study is not the first to explore the effect of 
smaller doses of glucagon. The effect of smaller doses 
than the standard 1 mg of glucagon (commonly used 
in cases of serious hypoglycemia) has recently been 
examined in humans.6 11 Glucagon may induce nausea 
and vomiting, and these side effects may be related to 
the size of the injected dose and the subsequent higher 
levels of glucagon in the systemic circulation. In patients 
with DM1 there seems to be a dose–response relationship 
between subcutaneous glucagon doses ranging from 0.11 
mg to 1.0 mg and the glucose response.11 Mini-doses of 
glucagon are effective in treating mild to moderate hypo-
glycemic episodes in both children6 36 as well as adults.16

The motivation for performing this study was to inves-
tigate and compare different administration routes of 
glucagon and explore if glucagon administration intra-
peritoneally would provide some benefits compared with 
subcutaneous injection, aspects of importance for the 
development of a dual hormonal AP. Ideally, a dual-hor-
mone AP should prevent hypoglycemias with small and, 
if necessary, repeated doses of glucagon.7 37 Minimizing 
the amount of exogenous glucagon needed to counteract 
hypoglycemia is important to avoid the depletion of liver 
glycogen, to reduce the side effects, such as nausea and 
vomiting, and to avoid reactive hyperglycemia.11

A small dip in glucose values was observed prior to the 
injection of glucagon or saline, that is, during all proce-
dures (see online supplementary figure 1). The reason 
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for this is unclear, but the equal response during all 
procedures is an indication of consistency of the exper-
imental protocol for all the procedures during the first 
part of the experiment and thereby a sign of quality of 
the present study.

Strengths and limitations of the study
The following are the strengths of the present study: (1) 
placebo-treated animals—the importance is illustrated by 
the fact that, although not significantly, the glucose levels 
tended to fluctuate also during the placebo procedures; 
(2) limited use of anesthesia, which may have major 
impact on glucose homeostasis; (3) systematic training 
of the rats to the procedures for weeks ahead of the test 
procedures (both pilot rats and trial rats) to minimize 
the stress response during the test procedures; and (4) 
randomization of the order of treatment in each rat.

The following are among the limitations of the present 
study: (1) With unguided injections into the abdom-
inal cavity, we cannot be sure that all the glucagon or 
placebo was administrated in the peritoneal space. 
However, glucagon and placebo saline were injected by 
the same procedure in anesthetized rats (injection could 
be done without experiencing unexpected movements 
of rat); therefore, possible deviation from intraperito-
neal delivery should be equal between groups. (2) A few 
rats were stressed during the procedures, which might 
affect the blood glucose levels. However, in rats receiving 
placebo intervention, under signs of stress, the blood 
glucose level did not increase significantly (see online 
supplementary material). (3) Additional anesthesia was 
needed for some rats in all interventions; however, as it 
was described in the results, prolonged increased glucose 
levels were observed only in 2 out of the 16 rats which 
were exposed to the longest duration of anesthesia in the 
main study. Therefore glucose level increase at the end of 
the intervention can be individual response, not anesthe-
sia-induced. (4) Rats were fasted differently (between 1 
and 3 hours) depending on the order of performing the 
procedure (intraperitoneal, subcutaneous, intravenous 
or placebo). However, to avoid bias, all experiments on 
the same rat were conducted at approximately the same 
time as of the light cycle.

Conclusion
Blood glucose increased faster when glucagon was 
injected in the peritoneal cavity compared with subcuta-
neous glucagon delivery in octreotide-treated rats. The 
maximum glucose response was reached earlier and the 
decline in glucose response was also faster. If repeatable 
in humans, a more rapid glucose response may be of 
importance in a dual-hormone AP using the intraperito-
neal route for administration of insulin and glucagon.
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Supplementary material 
Study prior study 
Preceding the main trial, we tried to obtain missing information through additional experiments. We 

tried to define the lowest glucagon dose that could increase blood glucose level in euglycaemic 

octreotide rats.  We aimed at a blood glucose increase of 1 – 3 mmol/l as compared to baseline. By the 

way of frequent blood sampling, we tried to obtain the exact time of blood glucose level increase and 

decrease as well as time until maximum blood glucose value. Therefore, blood samples were taken as 

often as it technically was possible, taking into account animal welfare. Therefore, blood samples were 

taken at -10, -5, -1, 2, 4, 6, 8, 10, 15, 20, 25, 30, 35, 40, 50, 60 minutes, if not otherwise mentioned. 



Animals 
Male Sprague Dawley rats (n=10) (483–569 g; Janvier Labs, France) were kept in plastic solid bottom 

cages (515x381x256 mm, Techniplast, Italy) on sawdust in groups of three. They were acclimatized to 

the animal facility and maintained on 12 hours light – 12 hours dark photoperiod at 20-24ᵒC and 

relative humidity 55 ± 5%. Food in the form of expanded pellets (Special Diets Services RM1 for rats, 

UK) and fresh water was provided and was available ad libitum. Rats were trained to accept general 

handling and use of a restrainer (Harvard apparatus, Holliston, USA) for three weeks prior to the start 

of experiments. In table 1 we show the intervention sessions after the start of the pilot study. There 

were at least 7 days in between each intervention, and all rats had at least 2 interventions. 

Nr. of rat Intervention sessions  Nr. of rat Intervention sessions  

1 1,5,7 6 2,6 

2 1,5,9 7 3,7 

3 1,5 8 3,7 

4 2,6 9 4,8 

5 2,6 10 4,8 

Table 1. Rat inclusion in test procedures and days on inclusion. 

Results 
On the first session (6 of March), three rats received subcutaneous (SC) octreotide (to suppress the 

endogenous glucagon and insulin secretion) with dose 10 µg/kg and glucagon as an intraperitoneal 

injection (IP) where rat 1 received 25 µg/kg, rat 2 received 50 µg/kg and rat 3 received 100 µg/kg. Their 

blood glucose maximum value was 18.5 (rat 1), 15.2 (rat 2) and 17.4 mmol/L (rat 3), after 55, 60 and 

55 minutes respectively.  For comparison, baseline blood glucose value for all 3 rats were 5.0 ± 0.62 

mmol/L (mean±SD). 

 On the second session (8 of march), we performed SC octreotide and IP glucagon injections in another 

three rats (rat 4, 5 and 6), we injected IP glucagon -  1µg/kg in rat 4 and 10 µg/kg in rat 5, and as control 

(placebo) we measured blood glucose without any injection in rat 6. We observed maximum glucose 



value increase after 50 minutes, 17.9 mmol/L in rat 4 and 17.7 mmol/L in rat 5. However, unexpectedly, 

maximum blood glucose value in placebo rat (rat 6) was 11.1 mmol/L, and this maximum value was 

the last measurement, 60 minutes after intervention. Baseline blood glucose value for all 3 rats were 

5.2 ± 0.64 mmol/L (mean±SD). 

 On the third session (9 of March), based on previous results, we repeated octreotide injection and 

glucagon dose 1 µg/kg in rat 7 but in this case subcutaneously (SC) and tried dose 10 times lower – 0.1 

µg/kg injected IP in rat 8. Results again were not satisfying, maximum blood glucose reached 19.1 and 

14.1 mmol/L, after 50 and 20 minutes, respectively. Baseline blood glucose value for SC rat (rat 7) 5.8 

mmol/L and for IP rat (rat 8) it was 8.4 mmol/L. 

On the fourth session (10 of March), rats 9 and 10 were used, octreotide was injected SC and glucagon 

dose 0.1 µg/kg in rat 9 and 0.05 µg/kg in rat 10 were injected IP, glucose maximum values were as last 

(60 minutes) measurements of the procedure (12.7 and 11.0 mmol/L, respectively). Baseline blood 

glucose values were 5.5 and 5.8 mmol/L, respectively.  

On the fifth session (13 of March), we injected octreotide SC and glucagon dose 0.05 µg/kg IP in rat 1 

and SC in rat 2, to observe if we can obtain different results between two injection sites. And we used 

placebo rat (rat 3) but this time we injected 0.5 ml physiological saline. This time we increased length 

of procedure (100 and 70 minutes instead of 60 minutes) for measurements after IP, SC glucagon 

injection and placebo, respectively. We observed similar maximum glucose value measurements as in 

previous days, 10.8 (rat 1) and 13.6 mmol/L (rat 2), at 80 and 70 minutes, respectively. However, 

maximum glucose value could not be measured for SC glucagon injection for the reason that last 

measurement was highest glucose value (70 min). In placebo rat (rat 3) maximum blood glucose value 

(13.1 mmol/L) was as well measured as last measurement (70 minutes), therefore maximum blood 

glucose value was not determined, again. Baseline glucose values for 3 rats were 5.96 ± 0.72 mmol/L 

(mean±SD). 



On the sixth session (15 of March), we made simple interventions with rat 4,5 and 6, rats did not 

receive octreotide as injection, rat 4 did not get any manipulation, only blood samples were collected, 

rat 5 received isotonic saline IP and rat 6 received IP glucagon with dose 1 µg/kg. As affecting factor, 

anaesthetics – isoflurane was used, and blood samples were collected for one hour (every 10 min) for 

rat 4 and 5. For the rat 6 blood samples were taken as in protocol mentioned previous. In rat 4, blood 

glucose value increased from 7.3 mmol/L to 14.4 mmol/L. In rat 5, which received isotonic saline as IP 

injection glucose value increased from 8.1 to 14.1 mmol/L. Therefore, we suspected anaesthesia itself 

to affect blood glucose. A glucose increasing effect based on anaesthetics use is explained in 

literature.1 In rat 6 maximum glucose value (11.4 mmol/L) was measured at 30 minutes, however 

octreotide was not injected, and insulin level was not measured as well, therefore, it is not adequate 

to interpret results from this test procedures. 

On the seventh session (17 of March), we used 3 rats: Placebo rat (rat 7), who received as minimal 

isoflurane as it was possible (to make cut in tail for blood samples); placebo rat who received isoflurane 

and octreotide (rat 8); and rat who received intraperitoneally 25 µg/kg of glucagon (rat 1). In rats 7 and 

8 blood glucose level increase were not observed. In rat 1, blood glucose increase was 13.0 mmol/L 

and was observed after 30 min from beginning of glucagon injection.  

On the eight session (22 of March), we tried to identify the best glucagon dose to be used for the main 

trial. Therefore, we injected glucagon dose 25 µg/kg in rat 9 and tried lower dose – 10 µg/kg in rat 10. 

We observed maximum values 12.9 mmol/l after 50 minutes and maximum value 13.0 mmol/l at 25 

minutes, respectively. We obtained similar blood glucose value increase with different glucagon dose. 

 

On the ninth session (27 of March), we injected glucagon with dose 5 µg/kg in rat 2, and maximum 

blood glucose value 13.1 mmol/L was reached after 50 min. Therefore, after comparing our results 

with available literature, we decided for main study to use glucagon dose 5 µg/kg. 



Discussion 
The appropriate dose of injected glucagon was determined (pilot study) according to a 3 

mmol/L increase in BG level. It is interesting to note that the pilot study unexpectedly 

showed blood glucose to rise prior to exogenous glucagon injection. Our explanation is that 

long exposure of isoflurane itself increases blood glucose level. This finding is in contrary to 

that of Zlotnik et al., who did not see differences in plasma glucose levels over time in 

placebo group (researchers used isoflurane for all the time of experiment).2 We did not have 

the opportunity to find out if this was a consequence octreotide treatment itself, as our 

main trial did not have octreotide-naïve rats in comparison. However, after reviewing 

available literature, we found evidence of isoflurane`s effect on blood glucose rise.1 

Consequently we minimized isoflurane exposure time during the subsequent trial. After 

minimizing isoflurane to approximately 14 minutes per procedure a, blood glucose level 

changes were minimal in the placebo group.  

Main study 
Detailed information about animals and procedure are given in main article. 

After appropriate glucagon dose was chosen, 20 new rats were used and assigned to intervention 

group and the order of procedure in each rat was randomized. Used block randomization is shown in 

Table 2.a and 2.b. 

RAT ID INTERVENTION: IV (1), SC (2), IP (3) 

12 1 3 2 
13 2 3 1 
21 3 1 2 
22 1 2 3 
23 2 1 3 

Table 2.a Randomization of rats and treatments for intravenous (IV), subcutaneous (SC) and 

intraperitoneal (IP) intervention. 

 

 



RAT ID INTERVENTION: PLACEBO (1), SC (2), IP (3) 

31 2 1 3 
32 3 1 2 
33 1 2 3 
41 2 3 1 
42 3 1 2 
43 1 2 3 
51 3 1 2 
52 1 2 3 
53 3 2 1 
61 3 1 2 
62 2 3 1 
63 2 3 1 
71 1 3 2 
72 3 2 1 
73 2 1 3 

Table 2.b. Randomization of rats and treatments for placebo (PL), subcutaneous (SC) and 

intraperitoneal (IP) intervention. 

After randomization trial was started, 5 rats per day were used, with at least one week between 

repeated use of rat. Trial was started on 30th of March 2017 and finished on 26th of April 2017.  

The highest glucose value increase (10.6 ± 2.3 mmol/L (±SD)) was observed 20 minutes after IV 

glucagon injection. After glucagon injection IP maximum glucose value 9.39 ± 1.42 mmol/L was 

reached after 30 minutes. After SC injection maximum glucose level 9.78±1.14 was reach after 40 

minutes (see Figure 1 and Table 3). 



 

Figure 1. Raw data of blood glucose changes after glucagon/saline injection. Red line with circles represent 

mean blood glucose level (mmol/L) after intraperitoneal (IP) injection of 5 µg/kg BW of glucagon; green line 

with triangle represent mean blood glucose level (mmol/L) after intravenous (IV) injection of 5 µg/kg BW of 

glucagon; blue line with square represent mean blood glucose level (mmol/L) after subcutaneous (SC) ) 

injection of 5 µg/kg BW of glucagon; black line with cross represent mean blood glucose level (mmol/L) after 

intraperitoneal isotonic saline injection (PL).  

PROCEDURE TIME N GLUCOSE SD SE CI 

IP -10 20 6.82 0.9693 0.2167 0.4537 
IP -5 20 6.44 0.8041 0.1798 0.3763 
IP -1 19 6.92 1.208 0.2771 0.5822 
IP 2 20 7.07 1.0225 0.2286 0.4786 
IP 4 20 7.08 0.9966 0.2229 0.4664 
IP 6 19 7.22 1.1246 0.258 0.542 
IP 8 20 7.34 1.2365 0.2765 0.5787 
IP 10 20 7.77 1.2499 0.2795 0.585 
IP 15 19 8.46 1.2873 0.2953 0.6204 
IP 20 20 9.22 1.1437 0.2557 0.5353 
IP 25 20 9.32 1.2553 0.2807 0.5875 
IP 30 20 9.39 1.4201 0.3175 0.6646 
IP 40 20 8.98 1.5433 0.3451 0.7223 
IP 50 20 8.38 1.276 0.2853 0.5972 
IP 60 20 8 1.4157 0.3166 0.6626 

 



PROCEDURE TIME N GLUCOSE SD SE CI 
IV -10 5 6.3 1.0954 0.4899 1.3602 
IV -5 5 5.9 1.3323 0.5958 1.6543 
IV -1 5 6.32 0.996 0.4454 1.2367 
IV 2 3 7.1 1.6643 0.9609 4.1344 
IV 4 5 6.44 1.4064 0.629 1.7463 
IV 6 5 6.68 1.4498 0.6484 1.8002 
IV 8 5 7.24 1.3686 0.612 1.6993 
IV 10 5 7.8 1.3892 0.6213 1.725 
IV 15 4 8.32 1.8191 0.9096 2.8946 
IV 20 5 10.6 2.3054 1.031 2.8626 
IV 25 5 9.88 1.7427 0.7794 2.1638 
IV 30 5 9.88 1.3864 0.62 1.7214 
IV 40 4 9.07 0.5909 0.2955 0.9403 
IV 50 5 8.88 1.455 0.6507 1.8066 
IV 60 5 8.7 1.2309 0.5505 1.5283 
PL -10 15 6.75 0.9133 0.2358 0.5058 
PL -5 15 6.2 0.6845 0.1767 0.3791 
PL -1 15 6.59 0.9456 0.2441 0.5236 
PL 2 15 6.74 0.9046 0.2336 0.5009 
PL 4 14 6.36 0.8409 0.2247 0.4855 
PL 6 15 6.32 0.7504 0.1938 0.4156 
PL 8 15 6.32 0.6971 0.18 0.3861 
PL 10 15 6.31 0.8052 0.2079 0.4459 
PL 15 15 6.44 0.7854 0.2028 0.4349 
PL 20 15 6.65 0.7577 0.1956 0.4196 
PL 25 15 6.77 0.7907 0.2042 0.4379 
PL 30 15 6.99 0.6567 0.1696 0.3637 
PL 40 15 7.1 0.7559 0.1952 0.4186 
PL 50 15 7.02 0.6293 0.1625 0.3485 
PL 60 14 7.09 1.0309 0.2755 0.5953 
SC -10 20 6.61 0.7993 0.1787 0.3741 
SC -5 20 6.28 0.8675 0.194 0.406 
SC -1 20 6.53 0.8945 0.2 0.4186 
SC 2 19 6.76 0.9517 0.2183 0.4587 
SC 4 20 6.43 0.7808 0.1746 0.3654 
SC 6 20 6.62 0.6779 0.1516 0.3173 
SC 8 20 6.88 0.7714 0.1725 0.361 
SC 10 20 7.26 0.8381 0.1874 0.3922 
SC 15 20 8.37 1.6374 0.3661 0.7663 
SC 20 20 8.78 0.9743 0.2179 0.456 
SC 25 19 9.08 1.1228 0.2576 0.5412 
SC 30 20 9.73 1.2449 0.2784 0.5826 
SC 40 19 9.78 1.1476 0.2633 0.5531 
SC 50 20 9.09 1.1315 0.253 0.5296 
SC 60 20 8.49 1.1348 0.2538 0.5311 

Table 3. Mean raw data of intraperitoneal (IP), intravenous (IV), placebo (PL) and subcutaneous (SC) 

interventions. Time of samples is represented in minutes. Number of samples at particular time point is 

represented as N.  Glucose is represented as mean value (mmol/L).  
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