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Abstract 

ABSTRACT 

Miikka-Juhani Honka 
Tissue-specific insulin sensitivity in humans - with special reference to the liver 

University of Turku, Faculty of Medicine, Internal Medicine, Doctoral Programme in Clinical 
Research, Turku PET Center, Turku, Finland 

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Finland, 2019 

The number of individuals affected by Type 2 diabetes mellitus (T2DM) is increasing rapidly 
nearly everywhere in the world. Insulin resistance, which means reduced impact of insulin in its 
target tissues, especially in the liver, skeletal muscle and adipose tissue, is the defining hallmark 
of T2DM. Insulin resistance in these tissues manifests as impaired ability to take up glucose and 
fatty acids from blood after a meal, increased production of glucose and triglycerides into the 
blood circulation by the liver and increased release of free fatty acids into the blood by adipose 
tissue.  

This thesis work focuses on studying insulin resistance using a cross-sectional cohort of a wide 
range of individuals of different ages and body mass index (BMI). P.Pro12Ala polymorphism of 
the PPARG gene reduces diabetes risk, and the aim of this study was to determine whether this 
variant affects liver insulin sensitivity. Further goals were to study associations between insulin 
sensitivity in different tissues and to develop inexpensive and fast models to identify muscle and 
whole-body insulin resistance. Moreover, possible benefits of resistance training to liver and ad-
ipose tissue insulin sensitivity among elderly women were evaluated. 

It was found that overweight and obese carriers of the p.Pro12Ala polymorphism of the PPARG 
gene display higher insulin-stimulated liver glucose uptake when compared to carriers of the com-
mon p.Pro12Pro genotype. It was discovered that insulin resistance is more likely to be present 
simultaneously in skeletal muscle and adipose tissue than in the liver, and that insulin sensitivity 
is affected by obesity, sex and age. The developed regression models based on serum metabolom-
ics for identifying whole-body and skeletal muscle insulin resistance correlated with insulin sen-
sitivity better than the currently used fasting surrogate markers for insulin resistance. Moreover, 
it was revealed resistance training does not affect adipose tissue glucose uptake but instead im-
proves insulin suppression of endogenous glucose production in elderly women and may thus 
prevent glucose levels rising too high after a meal. 

In conclusion, this thesis work shows that genetic mutations can alter tissue insulin sensitivity, 
and insulin resistance tends to be simultaneously present in several tissues. The newly developed 
models for identifying insulin resistance may improve the possibility of finding persons at risk of 
diabetes and ultimately cardiovascular disease. In addition, resistance training is an effective tool 
for improving diabetes and cardiovascular disease risk factors. 

Keywords: PET, insulin sensitivity, liver, muscle, adipose tissue, obesity 

Tiivistelmä 

TIIVISTELMÄ 

Miikka-Juhani Honka 
Insuliinin vaikutus ihmisen kudoksissa – erityisesti maksassa 

Turun yliopisto, Lääketieteellinen tiedekunta, Sisätautioppi, Turun kliininen tohtoriohjelma, 
PET-keskus, Turku, Suomi 

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Suomi, 2019 

Tyypin 2 diabetes lisääntyy nopeasti lähes kaikkialla maailmassa. Tyypin 2 diabetekselle on tun-
nusomaista erityisesti lihaksessa, maksassa sekä rasvakudoksessa esiintyvä insuliiniresistenssi. 
Insuliiniresistenssi esiintyy näissä kudoksissa heikentyneenä kykynä ottaa sokeria ja rasvahap-
poja verenkierrosta aterian jälkeen. Lisäksi maksassa se esiintyy lisääntyneenä glukoosin ja trigly-
seridien tuottamisena ja rasvakudoksessa lisääntyneenä rasvahappojen erityksenä verenkiertoon.   

Tässä väitöskirjatyössä tutkittiin insuliiniresistenssin esiintymistä eri kudoksissa positroniemis-
siotomografiaa hyödyntäen kohortissa, jonka ikä- ja painoindeksijakauma on laaja. Työssä selvi-
tettiin vaikuttaako diabetekselta suojaava PPARG-geenin p.Pro12Ala-alleeli maksan insuliini-
herkkyyteen sekä kehitettiin yksinkertaisia malleja, joita voidaan hyödyntää koko kehon ja luu-
rankolihaksen insuliiniresistenssin tunnistamisessa. Lisäksi tutkittiin voidaanko lihasvoimahar-
joittelun avulla parantaa maksan ja rasvakudoksen insuliiniherkkyyttä iäkkäillä naisilla.  

Insuliiniherkkyyden geneettistä taustaa selvitettäessä havaittiin maksan glukoosinkäyttökyvyn 
olevan suurempi ylipainoisilla ja lihavilla PPARG-geenin p.Pro12Ala-alleelin kantajilla verrat-
tuna p.Pro12Pro-genotyyppiä kantaviin. Työssä havaittiin lisäksi, että insuliiniresistenssi esiintyy 
useammin yhtäaikaisesti luurankolihaksessa ja rasvakudoksessa kuin maksassa sekä todettiin li-
havuuden, sukupuolen ja iän olevan insuliiniherkkyyteen vaikuttavia tekijöitä. Työssä koko ke-
hon ja luurankolihaksen insuliiniherkkyyden mittaamiseksi luodut metabolomiikkaan perustuvat 
mallit ovat tarkempia, kuin tällä hetkellä suurissa kliinisissä tutkimuksissa käytössä olevat insu-
liiniherkkyyttä mittaavat epäsuorat indeksit. Lihasvoimaharjoittelua käsittelevässä työssä havait-
tiin, että harjoittelu ei vaikuta rasvakudoksen insuliiniherkkyyteen, mutta parantaa insuliinin ky-
kyä vähentää maksan glukoosintuotantoa iäkkäillä naisilla, mikä puolestaan voi ehkäistä veren-
sokerin kohoamista.  

Tässä työssä osoitettiin, että p.Pro12Ala polymorfia parantaa maksan insuliiniherkkyyttä ja insu-
liiniresistenssi esiintyy usein useissa kudoksissa yhtäaikaisesti. Työssä kehitettiin lupaavia mal-
leja insuliiniresistenssin tunnistamiseen, jotka saattavat auttaa löytämään henkilöitä, joilla on ko-
honnut riski tyypin 2 diabeteksen ja lopulta sydän- ja verenkiertosairauksien kehittymiseen. Li-
säksi työssä näytettiin, kuinka tyypin 2 diabeteksen ja sydän- ja verisuonitautien riskitekijöitä 
voidaan vähentää voimaharjoittelun avulla. 

Avainsanat: PET, insuliiniherkkyys, maksa, rasvakudos, luurankolihas, lihavuus 
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ABBREVIATIONS 

18:3n−6 γ-linolenic acid 

20:3n−6 Dihomo-γ-linolenic acid 
18F-FDG 2-deoxy-2-(18F)fluoro-D-glucose 
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ALT Alanine aminotransferase 

ANKRD55 Ankyrin Repeat Domain 55 

ANOVA Analysis of variance 
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ARL15 ADP-ribosylation factor-like 15 

AST Aspartate amino transferase 
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CoA Coenzyme A 
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FA Fatty acid 
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FFA Free fatty acid 
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FoxO Forkhead box-containing protein O 

FSIVGTT Frequently sampled intravenous glucose tolerance test 
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MAPK Mitogen-activated protein kinase 

MEK Mitogen-activated protein kinase kinase 

MRI Magnetic resonance imaging 

MRS Magnetic resonance spectroscopy 

mTOR Mammalian target of rapamycin 

MUFA Monounsaturate fatty acid 

Muscle-ISI Muscle insulin sensitivity index 

NAFLD Non-alcoholic fatty liver disease 

ND Non-diabetic group 

NMR Nucleic magnetic resonance 

31037746_Turun_yliopisto_Vaitoskirja_Miikka_Honka_Laak_tiett_tdk_sisus_19_02_19.indd   8 19.2.2019   12.40.18



Abbreviations 

ABBREVIATIONS 

18:3n−6 γ-linolenic acid 

20:3n−6 Dihomo-γ-linolenic acid 
18F-FDG 2-deoxy-2-(18F)fluoro-D-glucose 

ADA American Diabetes Association 

ALT Alanine aminotransferase 

ANKRD55 Ankyrin Repeat Domain 55 

ANOVA Analysis of variance 

ApoC-III Apolipoprotein C-III 

ARL15 ADP-ribosylation factor-like 15 

AST Aspartate amino transferase 

ATP Adenosine triphosphate 

AUC Area under the curve 

BCAA Branched-chained amino acid 

BCL2 B-cell lymphoma 2 

BMI Body mass index 

CoA Coenzyme A 

COBLL1 Cordon-Bleu WH2 Repeat Protein Like 1 

CPT1 Carnitine palmitoyltransferase 

CT Computed tomography 

CTR Control group 

DNA Deoxyribonucleic acid 

DNL De novo lipogenesis 

EGP Endogenous glucose production 

eNOS Endothelial nitric oxide synthase 

FA Fatty acid 

FAM13A Family with sequence similarity 13, member A 

FAM19A2 Family with sequence similarity 19, member A2 

FFA Free fatty acid 

FFA2, -3 Free fatty acid receptor 2 and 3 

FI1 Fat index 1 

FoxO Forkhead box-containing protein O 

FSIVGTT Frequently sampled intravenous glucose tolerance test 

G1P Glucose-1-phosphate 

G6P Glucose-6-phosphate 

GCKR Glucokinase regulatory protein 

Abbreviations 

GIP Gastric inhibitory peptide 

GKRP Glucokinase regulatory protein 

GLP-1 Glucagon-like peptide 1 

GLUT1, -2, -4 Glucose transporters 1, 2, and 4 

GRB14 Growth factor receptor-bound protein 14 

GSK3 Glycogen synthase kinase 3 

GU Glucose uptake 

HDL High-density lipoprotein 

HL Hepatic lipase 

HMG-CoA 3-hydroxy-3-methyl glutaryl coenzyme A 

HOMA-IR Homeostatic model assessment of insulin resistance 

HSL Hormone-sensitive lipase 

IDF International Diabetes Federation 

IDL Intermediate-density lipoprotein 

IFG Impaired fasting glucose 

IGT Impaired glucose tolerance 

ILT Inside lean tissue method 

INTR Intervention group 

IQR Interquartile range 

IR Insulin resistant group 

IRS Insulin receptor substrate 

IST Insulin suppression test 

JNK cJun-N-terminal-kinase 

KLF14 Krüppel-like factor 14 

LDL Low-density lipoprotein 

LPL Lipoprotein lipase 

LYPLAL1 Lysophospholipase-like 1 

MAP3K1 Mitogen-Activated Protein Kinase Kinase Kinase 1 

MAPK Mitogen-activated protein kinase 

MEK Mitogen-activated protein kinase kinase 

MRI Magnetic resonance imaging 

MRS Magnetic resonance spectroscopy 

mTOR Mammalian target of rapamycin 

MUFA Monounsaturate fatty acid 

Muscle-ISI Muscle insulin sensitivity index 

NAFLD Non-alcoholic fatty liver disease 

ND Non-diabetic group 

NMR Nucleic magnetic resonance 

31037746_Turun_yliopisto_Vaitoskirja_Miikka_Honka_Laak_tiett_tdk_sisus_19_02_19.indd   9 19.2.2019   12.40.19



Abbreviations 

OGIS Oral glucose insulin sensitivity 

OGTT Oral glucose tolerance test 

OLM Offspring of lean/normal-weight mothers 

OOM Offspring of overweight/obese mothers 

PCA Principal component analysis 

PDGFC Platelet-derived growth factor C 

PDK Phosphoinositide-dependent protein kinase 

PEPCK Phophoenolpyruvate carboxykinase 

PEPD Peptidase D 

PET Positron emission tomography 

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PIP Phophatidylinositol-3,4,5-trisphosphate 

PKC Protein kinase C 

PNPLA3 Patatin-like phospholipase domain-containing protein 3 

PPARG Peroxisome proliferator receptor gamma (gene) 

PPARγ Peroxisome proliferator receptor gamma 

PPP1R3B Protein phosphatase 1 regulatory subunit 3B 

PREDIM PREDIcted M 

PTB Phosphotyrosine binding 

PUFA Polyunsaturated fatty acid 

QUICKI Quantitative insulin sensitivity check index 

ROC Receiver-operating characteristics 

ROI Region of interest 

SCFA Short-chain fatty acid 

SFA Saturated fatty acid 

SD Standard deviation 

SH2 Src-homology 2 

T2DM Type 2 diabetes mellitus 

TCA Tricarboxylic acid 

TET2 Tet methylcytosine dioxygenase 2 

TM6SF2 Transmembrane 6 superfamily 2 

TG Triglycerides 

UDP Uridine diphosphate 

UHRF1BP1 UHRF1 binding protein 1 

USD Unites States dollar 

VLDL Very low-density lipoprotein 

WB-ISI Whole-body insulin sensitivity index 

WHO World Health Organisation 

List of original publications 

LIST OF ORIGINAL PUBLICATIONS 

This thesis is based on the following original publications, which are later referred 
by using Roman numerals I-IV. 

I. Honka MJ*, Vänttinen M*, Iozzo P, Virtanen KA, Lautamäki R, Hällsten 
K, Borra RJ, Takala T, Viljanen AP, Kemppainen J, Pihlajamäki J, Knuuti 
J, Nuutila P, Laakso M. The Pro12Ala polymorphism of the PPARgamma2 
gene is associated with hepatic glucose uptake during hyperinsulinemia in 
subjects with type 2 diabetes mellitus. Metabolism. 2009 Apr;58(4):541-6.  

II. Honka MJ, Latva-Rasku A, Bucci M, Virtanen KA, Hannukainen JC, Kal-
liokoski KK, Nuutila P. Insulin stimulated glucose uptake in skeletal mus-
cle, adipose tissue and liver:  a positron emission tomography study. Eur J 
Endocrinol. 2018 May;178(5):523-531. 

III. Klén R*, Honka MJ*, Hannukainen JC, Huovinen V, Bucci M, Latva-
Rasku A, Venäläinen MS, Kalliokoski KK, Virtanen KA, Lautamäki R, 
Iozzo P, Elo LL, Nuutila P. Predicting skeletal muscle insulin sensitivity - 
a study combining [18F]FDG-PET and NMR-based metabolomic profiling. 
Manuscript. 

IV. Honka MJ, Bucci M, Andersson J, Huovinen V, Guzzardi MA, Sandboge 
S, Savisto N, Salonen MK, Badeau RM, Parkkola R, Kullberg J, Iozzo P, 
Eriksson JG, Nuutila P. Resistance training enhances insulin suppression 
of endogenous glucose production in elderly women. J Appl Physiol. 2016 
Mar 15;120(6):633-9. 

 

*equal contribution 

 

The original publications have been reprinted with permission of the copyright 
holders.

31037746_Turun_yliopisto_Vaitoskirja_Miikka_Honka_Laak_tiett_tdk_sisus_19_02_19.indd   10 19.2.2019   12.40.19



Abbreviations 

OGIS Oral glucose insulin sensitivity 

OGTT Oral glucose tolerance test 

OLM Offspring of lean/normal-weight mothers 

OOM Offspring of overweight/obese mothers 

PCA Principal component analysis 

PDGFC Platelet-derived growth factor C 

PDK Phosphoinositide-dependent protein kinase 

PEPCK Phophoenolpyruvate carboxykinase 

PEPD Peptidase D 

PET Positron emission tomography 

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PIP Phophatidylinositol-3,4,5-trisphosphate 

PKC Protein kinase C 

PNPLA3 Patatin-like phospholipase domain-containing protein 3 

PPARG Peroxisome proliferator receptor gamma (gene) 

PPARγ Peroxisome proliferator receptor gamma 

PPP1R3B Protein phosphatase 1 regulatory subunit 3B 

PREDIM PREDIcted M 

PTB Phosphotyrosine binding 

PUFA Polyunsaturated fatty acid 

QUICKI Quantitative insulin sensitivity check index 

ROC Receiver-operating characteristics 

ROI Region of interest 

SCFA Short-chain fatty acid 

SFA Saturated fatty acid 

SD Standard deviation 

SH2 Src-homology 2 

T2DM Type 2 diabetes mellitus 

TCA Tricarboxylic acid 

TET2 Tet methylcytosine dioxygenase 2 

TM6SF2 Transmembrane 6 superfamily 2 

TG Triglycerides 

UDP Uridine diphosphate 

UHRF1BP1 UHRF1 binding protein 1 

USD Unites States dollar 

VLDL Very low-density lipoprotein 

WB-ISI Whole-body insulin sensitivity index 

WHO World Health Organisation 

List of original publications 

LIST OF ORIGINAL PUBLICATIONS 

This thesis is based on the following original publications, which are later referred 
by using Roman numerals I-IV. 

I. Honka MJ*, Vänttinen M*, Iozzo P, Virtanen KA, Lautamäki R, Hällsten 
K, Borra RJ, Takala T, Viljanen AP, Kemppainen J, Pihlajamäki J, Knuuti 
J, Nuutila P, Laakso M. The Pro12Ala polymorphism of the PPARgamma2 
gene is associated with hepatic glucose uptake during hyperinsulinemia in 
subjects with type 2 diabetes mellitus. Metabolism. 2009 Apr;58(4):541-6.  

II. Honka MJ, Latva-Rasku A, Bucci M, Virtanen KA, Hannukainen JC, Kal-
liokoski KK, Nuutila P. Insulin stimulated glucose uptake in skeletal mus-
cle, adipose tissue and liver:  a positron emission tomography study. Eur J 
Endocrinol. 2018 May;178(5):523-531. 

III. Klén R*, Honka MJ*, Hannukainen JC, Huovinen V, Bucci M, Latva-
Rasku A, Venäläinen MS, Kalliokoski KK, Virtanen KA, Lautamäki R, 
Iozzo P, Elo LL, Nuutila P. Predicting skeletal muscle insulin sensitivity - 
a study combining [18F]FDG-PET and NMR-based metabolomic profiling. 
Manuscript. 

IV. Honka MJ, Bucci M, Andersson J, Huovinen V, Guzzardi MA, Sandboge 
S, Savisto N, Salonen MK, Badeau RM, Parkkola R, Kullberg J, Iozzo P, 
Eriksson JG, Nuutila P. Resistance training enhances insulin suppression 
of endogenous glucose production in elderly women. J Appl Physiol. 2016 
Mar 15;120(6):633-9. 

 

*equal contribution 

 

The original publications have been reprinted with permission of the copyright 
holders.

31037746_Turun_yliopisto_Vaitoskirja_Miikka_Honka_Laak_tiett_tdk_sisus_19_02_19.indd   11 19.2.2019   12.40.19



12 Review of literature 

1 INTRODUCTION 

Type 2 diabetes is currently one of the largest global health concerns. Over 425 
million adults between the ages of 20 and 79 have been estimated to have diabetes, 
90% of whom suffer from type 2 diabetes mellitus (T2DM) (International Diabetes 
Federation 2017). Diabetes is associated with major morbidity and high mortality. 
Its complications include, for example, cardiovascular diseases, nephropathy, neu-
ropathy and retinopathy. Diabetes and its complications are estimated to cause 4 
million annual deaths among adults (10.7% of all deaths in this age group) and 
require 727 billion USD in health care costs (International Diabetes Federation 
2017). Cardiovascular diseases are the leading cause of death worldwide, with 17.7 
million deaths annually (31% of all deaths) (World Health Organization 2018a). 

Insulin resistance is a major pathophysiological feature behind the development of 
T2DM and cardiovascular diseases. It is characterised as reduced insulin stimu-
lated glucose uptake (GU) into insulin sensitive organs, such as skeletal muscle, 
the liver and adipose tissue and deteriorated suppression of glucose production 
from the liver and kidney as well as lower suppression of lipolytic release of free 
fatty acids (FFAs) from triglycerides by insulin. Reduced skeletal muscle GU and 
increased endogenous glucose production after a meal together with impaired in-
sulin secretion from the pancreas are the central factors leading to hyperglycemia 
and type 2 diabetes (DeFronzo 2009). In addition to disrupting glucose homeosta-
sis, insulin resistance causes atherogenic dyslipidemia by overproduction of tri-
glyceride-rich VLDL particles and reduction of lipoprotein lipase (LPL)-mediated 
removal of triglycerides from these particles (Taskinen and Borén 2015). 

Western-style diet, physical inactivity, genetic risk variants and epigenetic DNA 
modifications are factors affecting insulin sensitivity. Central obesity with ectopic 
fat accumulation is a significant risk factor for insulin resistance. In 2016 more 
than 650 million people in the world were obese (World Health Organization 
2018b). Thus, the widespread obesity pandemic has predisposed hundreds of mil-
lions of people to insulin resistance and its consequent comorbidities.  

Lack of exercise is a considerable risk factor for obesity and insulin resistance. 
More than one quarter of the world’s population is insufficiently physically active 
(less than 150 min of moderate-intensity or 75 min vigorous-intensity physical ac-
tivity per week) (Guthold et al. 2018). Insufficient physical activity is especially 
common among older adults (Berkemeyer et al. 2016; NatCen Social Research and 
UCL 2017). This is exemplified in the frailty syndrome where aged individuals 
suffer from reduced muscle strength, endurance and physiologic function (Morley 
et al. 2013), which is often preceded by insulin resistance (Barzilay et al. 2007; 
Perez-Tasigchana et al. 2017). 

 Review of literature 13 

Genetic association studies have shown that most of the mutations that increase 
T2DM risk affect insulin secretion and only a small fraction of the known common 
variants affect insulin sensitivity (Stancakova and Laakso 2016). In addition to 
genetic inheritance, epigenetic programming which does not affect the DNA se-
quence, but alters gene expression, is getting recognition as a factor affecting risk 
of cardiovascular and metabolic diseases. An example of epigenetic programming 
is maternal obesity before or during gestation, which predisposes offspring to obe-
sity, insulin resistance, type 2 diabetes and cardiovascular disease (Eriksson et al. 
2014; Godfrey et al. 2017; Hochner et al. 2012; Z. Yu et al. 2013). There is cur-
rently very limited knowledge about the effects that the genetic risk variants or 
maternal obesity may have on insulin sensitivity in different tissues of the predis-
posed persons.  

Lifestyle interventions, such as diet and physical exercise, have shown to be effec-
tive for alleviating insulin resistance and preventing T2DM. However, the best 
prognosis is achieved when intervening early and identifying persons with high 
disease risk (Tuomilehto and Schwarz 2016). Despite huge prevalence of insulin 
resistance, there is no simple test used to detect it in a clinical setting at the mo-
ment. Instead, the treatment decisions are based on the patient’s level of obesity, 
plasma glucose level and serum lipid profiles. Although these measures are asso-
ciated with insulin resistance (Alberti et al. 2005), more specific measures may 
provide additional benefit. 

This work was focused on studying tissue-specific insulin sensitivity by using 
state-of-the-art metabolic imaging, evaluating factors affecting insulin sensitivity 
and investigating methods to identify or treat insulin resistance in at-risk individ-
uals.  
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2 REVIEW OF LITERATURE 

2.1 Insulin action and energy metabolism  

2.1.1 Glucose as an energy source 

Glucose is one of the main substrates providing energy for body functions. It is 
especially important for the brain function because neurons cannot use fatty acids 
efficiently as an energy source (Schönfeld and Reiser 2013). In addition, glucose 
is needed as a rapid energy source for intensive skeletal muscle work. In the brain, 
muscles and white adipose tissue, adenosine triphosphate (ATP), a carrier of cel-
lular energy, is generated from glycolysis and oxidation of glucose. Glycolysis is 
a fast process occurring in the cytosol, whereby glucose is metabolised to pyruvate 
or lactate, yielding two molecules of ATP for immediate energy needs. The result-
ing pyruvate or lactate can be further processed in a citric acid cycle (tricarboxylic 
acid or Krebs cycle) in mitochondria to gain additional 32-34 ATPs or released to 
circulation (Brooks 2018). Lactate released from skeletal muscle is an important 
substrate for the formation of glucose in gluconeogenesis in the liver. The cycling 
of carbons as lactate from skeletal muscle to the liver and back as glucose is called 
the Cori cycle. In addition, lactate produced from glucose by glycolysis and re-
leased to blood is an important systemic energy carrier to feed the citric acid cycle 
in various tissues (Brooks 2018; Hui et al. 2017; van Hall 2010).  

2.1.2 Glucose homeostasis in fasting 

Plasma glucose is under tight hormonal control to meet the constant need of glu-
cose by the brain, on one hand, and to avoid harmful effects of hyperglycaemia, 
on the other hand. At a postabsorptive state glucose needed for body functions is 
provided at an approximate rate of 10-12 µmol/kg body weight/min by gluconeo-
genesis and glycogenolysis in the liver and gluconeogenesis in the kidneys. Both 
gluconeogenesis and glycogenolysis yield around 50% of the total production 
(Nuttall, Ngo, Gannon 2008; Shrayyef and Gerich 2010). Contributions of differ-
ent tissues to glucose appearance and disappearance at a postabsorptive state are 
shown in Figure 2.1. 
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Figure 2.1. Fasting glucose production and disposal. Approximately half of the 
glucose at a postabsorptive state is used by the brain, 15-20% by skeletal muscle, 
10-15% by the kidneys, 5-10% by blood cells and 5-10% by splanchnic organs and 
adipose tissue. The liver is responsible for approximately 80% and the kidneys for 
20% of the glucose produced at a postabsorptive state, although the existence of 
possible intestinal glucose production remains unknown. Based on (Shrayyef and 
Gerich 2010). 

In humans with normal glucose homeostasis, daily plasma glucose averages 
around 5.0-5.5 mmol/l (Freckmann et al. 2007). Lowering the plasma glucose level 
to below 4 mmol/l activates the release of glucagon, catecholamines, cortisol and 
growth hormone to increase glucose release into plasma and reduce GU into tis-
sues. Simultaneously, the insulin level is decreased when the glucose level is low-
ered to below 4.5 mmol/l in order to prevent further reduction in plasma glucose. 
By contrast, an increase of plasma glucose level to over 5.6 mmol/l activates the 
release of insulin and suppresses glucagon release to lower the glucose level. In a 
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healthy person, an insulin level around 10 mU/l (60 pmol/l) is usually sufficient to 
maintain blood glucose around 5 mmol/l (Shrayyef and Gerich 2010; Sprague and 
Arbeláez 2011). Glycogenolysis releases glucose from the branched chain of gly-
cogen molecules that contain reserve for glucose in the body. Glycogen molecules 
have a branched structure to enable rapid release of glucose from terminal ends of 
glycogen chains by glycogen phosphorylase. The first step in glycogen breakdown 
is separating glucose residues into glucose-1-phosphate from the terminal ends of 
glycogen chains by glycogen phosphorylase. Glucose-1-phosphate is then con-
verted to glucose-6-phosphate (G6P) by phosphoglucomutase. The liver, the kid-
neys and possibly the intestine, but not skeletal muscles, have the glucose-6-phos-
phatase enzyme that converts G6P to glucose, which can then be released into 
blood circulation by diffusion. Gluconeogenesis is a process whereby new glucose 
is synthesized from lactate, glycerol, amino acids such as alanine and glutamine, 
pyruvate and metabolites of the citric acid cycle (Nuttall, Ngo, Gannon 2008). 

Liver glycogen reserves are at approximately 100g after an overnight fast (Was-
serman 2009). After prolonged fasting the glycogen deposits in the liver become 
smaller until completely depleted. After 24h, the contribution of gluconeogenesis 
to total EGP is approximately 70%, after 42h 90% and after 60h the contribution 
of gluconeogenesis is close to 100% (J. Katz and Tayek 1998; Landau et al. 1996; 
Magnusson et al. 1992; Rothman et al. 1991). Initially when fasting, gluconeogen-
esis is slightly elevated to compensate decreased glycogenolysis, even though total 
EGP is still reduced. The lower EGP results in lower glucose availability and thus 
decreased glycolysis in glucose target tissues which means that less lactate is avail-
able for gluconeogenesis. Muscle glycogen remains relatively stable after a few 
days’ fast (Nieman et al. 1987; Vendelbo et al. 2012), but declines after several 
days of starvation (Greenhaff, Hultman, Harris 2004). In addition, muscle proteol-
ysis is initially increased in the fasting state providing substrates for gluconeogen-
esis, but over a longer period of starvation, metabolism is shifted towards the use 
of fatty acids and ketone bodies as fuel to preserve muscle functionality, and mus-
cle proteolysis is diminished to a less than third of the level at early starvation. 
Although, fatty acid oxidation is increased in the fasting state to compensate for 
the lack of glucose as a fuel source providing more glycerol, the lower lactate and 
amino acid availability causes a decrease in gluconeogenesis. This in combination 
with depletion of glycogen causes the plasma glucose level to decrease over a pro-
longed period of fasting, although generally remaining above 2.8 mmol/l. A re-
duced requirement for insulin is reflected by an insulin level of 3.5 mU/l after pro-
longed fasting. (Shrayyef and Gerich 2010) 
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2.1.3 Glucose homeostasis during exercise 

The purpose of the skeletal muscle glycogen storage is to be an energy source for 
intense skeletal muscle work, which can increase muscle glucose oxidation ten-
fold. Muscle lacks the glucose-6 phosphatase, so it cannot release glucose into cir-
culation. However, when exercising liver glucose production can be increased sev-
eral-fold in comparison to a resting state by increased glucagon secretion and in-
hibition of insulin secretion to the portal vein. Even though muscle cannot release 
glucose directly, it is an important source of lactate, alanine, glutamine and other 
amino acids for the gluconeogenesis in the liver and the kidneys. Lactate is pro-
duced from glucose by glycolysis, alanine is built from pyruvate and glutamate is 
made by transamination catalysed by alanine aminotransferase, whereas glutamine 
is formed from muscle proteolysis or synthesis from glutamate and ammonia. Gly-
cogen storages and enhanced gluconeogenesis allow blood glucose to remain close 
to 5 mmol/l for up to 2h of exercising, ensuring sufficient glucose supply to the 
brain (Goodwin 2010; Wasserman 2009). In addition, the brain uses lactate re-
leased to circulation during intense exercise as an energy source (Quistorff, Secher, 
Van Lieshout 2008). The relative contribution of gluconeogenesis to the liver glu-
cose output increases over the course of prolonged exercise when body glycogen 
storages become depleted. 

2.1.4 Postprandial glucose metabolism  

Complete absorption of carbohydrates, fats and protein from a mixed meal takes 
at least 6 h, while meal containing only carbohydrates is fully absorbed faster, in 
approximately 4.5 h. Blood glucose appearance peaks at about 10 min after meal 
ingestion, reaching a rate of 70-90 µmol/kg body weight/min (Bock et al. 2006). 
Increased glucose concentration in the portal vein and secretion of incretins, such 
as glucagon-like peptide-1 (GLP-1) and gastric inhibitory peptide (GIP), from the 
intestine stimulate insulin secretion from the pancreas, so that the plasma insulin 
level increases several-fold compared to the fasting state as well as glucagon se-
cretion is inhibited. The rate of insulin secretion is proportional to the ingested 
glucose load (Bagger et al. 2011; Kowalski et al. 2017; Tillil et al. 1988). Insulin 
suppresses EGP and increases glucose disposal to insulin sensitive tissues. Glucose 
disposal reaches its maximum rate at around 80-120 min after a meal and remains 
elevated until the glucose received from the meal has been used (Bock et al. 2006). 
Contributions of different tissues to glucose appearance and disappearance after a 
meal are described in the Figure 2.2. The purpose of increased uptake in the liver 
and skeletal muscle compared to a fasting state is to lower the glucose level in the 
blood, fill the glycogen storages which have been depleted during a fasting and/or 
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healthy person, an insulin level around 10 mU/l (60 pmol/l) is usually sufficient to 
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2.1.3 Glucose homeostasis during exercise 
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hibition of insulin secretion to the portal vein. Even though muscle cannot release 
glucose directly, it is an important source of lactate, alanine, glutamine and other 
amino acids for the gluconeogenesis in the liver and the kidneys. Lactate is pro-
duced from glucose by glycolysis, alanine is built from pyruvate and glutamate is 
made by transamination catalysed by alanine aminotransferase, whereas glutamine 
is formed from muscle proteolysis or synthesis from glutamate and ammonia. Gly-
cogen storages and enhanced gluconeogenesis allow blood glucose to remain close 
to 5 mmol/l for up to 2h of exercising, ensuring sufficient glucose supply to the 
brain (Goodwin 2010; Wasserman 2009). In addition, the brain uses lactate re-
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suppresses EGP and increases glucose disposal to insulin sensitive tissues. Glucose 
disposal reaches its maximum rate at around 80-120 min after a meal and remains 
elevated until the glucose received from the meal has been used (Bock et al. 2006). 
Contributions of different tissues to glucose appearance and disappearance after a 
meal are described in the Figure 2.2. The purpose of increased uptake in the liver 
and skeletal muscle compared to a fasting state is to lower the glucose level in the 
blood, fill the glycogen storages which have been depleted during a fasting and/or 
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exercise and channel energy for long-term storage by lipogenesis in the liver, cou-
pled to hepatic VLDL-triglyceride production. Approximately 45% of the glucose 
taken up after a meal ends up oxidised and 45% goes through glycogen synthesis. 
The rest of the glucose ends up back to circulation through gluconeogenesis, while 
lipogenesis has a negligible role (Shrayyef and Gerich 2010). 

 

Figure 2.2. Postprandial systemic glucose disposal and appearance. Most of the 
glucose appearance derives from the intestine, while gluconeogenesis in the liver 
and the kidneys contribute less than 15%. The liver takes up to 25-45% of the 
glucose load after a meal whereas skeletal muscle takes anyhere from 25 to 40%. 
The rest of the glucose load is divided amongst the brain (10-15%), the kidneys 
(10-15%), adipose tissue (5-10%) and other organs, such as red blood cells, which 
take less than 5% of the glucose load. Based on (Bock et al. 2006; Gerich 2010; 
Moore et al. 2012; Shrayyef and Gerich 2010). 
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Liver glucose uptake 

GU from the small intestine causes a rapid rise in the glucose level in the portal 
vein, which routes nutrients to the sinusoids of the liver where a high glucose con-
centration gradient drives glucose through GLUT2 into hepatocytes. GLUT2 trans-
porters on the hepatocyte cell membranes have low affinity but have a high capac-
ity for transporting glucose from a high concentration to a lower one. In the hepato-
cytes, glucose is rapidly phosphorylated to G6P by glucokinase (hexokinase IV 
liver specific isoforms 2 and 3 (O'Leary et al. 2016)) when the glucose level is 
high. This enzyme is very effective in promoting liver GU after eating since the 
enzyme has an s-shaped activity pattern with a half-maximal activity at 6-8 mmol/l 
and absence of allosteric inhibition by G6P (Burgess 2015; Massa, Gagliardino, 
Francini 2011). Increased cytosolic glucose concentration effectively releases glu-
cokinase from the cell nucleus where it is bound to the glucokinase regulatory pro-
tein (GKRP) in the fasting state. In addition, the elevated insulin level increases 
the glucokinase gene expression twenty to thirty- fold, which translates to in-
creases enzyme activity 30-60 min after carbohydrate ingestion. In fact, portal glu-
cose concentration is responsible for most of the hepatic GU right after glucose 
delivery, but insulin is required to reach the maximal uptake (Pagliassotti et al. 
1996). 

Liver glycogen synthesis 

The hepatocytes’ rise in glucose level deactivates GKRP and glycogen synthase 
regulatory protein leading to activation of glucokinase and glycogen synthase, 
which in turn increases the incorporation of glucose into glycogen. Glycogen syn-
thesis starts from the conversion of G6P to G1P by a phosphoglucomutase. This is 
followed by the conversion of G1P to UDP-glucose by UDP-glucose pyrophos-
phorylase and binding UDP-glucose molecules to the C-4 position of glucose res-
idues at the ends of glycogen chains by glycogen synthase (α-1,4-glycosidic link-
ages). Glycogen molecules have a branched structure, in which the branching of 
the chains is performed by the glycogen branching enzyme. The enzyme removes 
chains that are approximately seven glucose residues in length from the outer ends 
of the building glycogen molecules. It then attaches them to the existing glycogen 
cores by α-1,6-glycosidic linkage, which allows further lengthening of the glyco-
gen core with 1,4-glycosidic bonds (Figure 2.3) (Burgess 2015; Froese et al. 2015). 
Glycogen synthesis rates are increased when glycogen stores are low to ensure 
replenishment of glycogen reserves (Gonzalez et al. 2016). Although, a glucose 
signal can promote hepatic glycogen synthesis, insulin provides a stronger and ad-
ditive activation of glycogen build-up (Pagliassotti et al. 1996). 
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ages). Glycogen molecules have a branched structure, in which the branching of 
the chains is performed by the glycogen branching enzyme. The enzyme removes 
chains that are approximately seven glucose residues in length from the outer ends 
of the building glycogen molecules. It then attaches them to the existing glycogen 
cores by α-1,6-glycosidic linkage, which allows further lengthening of the glyco-
gen core with 1,4-glycosidic bonds (Figure 2.3) (Burgess 2015; Froese et al. 2015). 
Glycogen synthesis rates are increased when glycogen stores are low to ensure 
replenishment of glycogen reserves (Gonzalez et al. 2016). Although, a glucose 
signal can promote hepatic glycogen synthesis, insulin provides a stronger and ad-
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Figure 2.3 Structure of a glycogen molecule. Public domain image from Wikipe-
dia. No copyright, CC0 1.0 (Creative Commons 2018a). 

Endogenous glucose production 

Increased levels of glucose and insulin effectively inhibit EGP. A lower insulin 
level is sufficient for EGP suppression than is required to increase GU and maxi-
mal suppression is reached at concentrations around 100 mU/l (Bonadonna et al. 
1990; DeFronzo et al. 1983). After an oral glucose load EGP is gradually sup-
pressed following increases in glucose appearance and insulin level during the first 
30 min. EGP reaches maximal suppression at around 60 min (Abdul-Ghani et al. 
2007; Bock et al. 2006; Kowalski et al. 2017). The suppression of glucose produc-
tion is caused mostly by the inhibition of glycogenolysis or alternatively the chan-
nelling of glucose into glycogen synthesis instead of releasing it to circulation, 
whereas hyperinsulinemia has little impact on gluconeogenesis (Adkins et al. 
2003; Gastaldelli et al. 2001). 

Skeletal muscle glucose uptake and glycogen synthesis 

Hyperinsulinemia in the fed state can increase skeletal muscle GU several times 
compared to the fasting state. This is due to the recruitment of GLUT4, hexokinase 
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II and muscle perfusion by insulin. The effect of insulin on muscle GU has an S-
shaped dose-response curve where the response starts to raise after 10 mU/l and 
reaches near maximum around 400 mU/l. After 400 mU/l the incremental stimu-
latory effect of higher insulin doses is small (Bonadonna et al. 1990; DeFronzo et 
al. 1983; Natali et al. 2000; Rizza, Mandarino, Gerich 1981). Insulin levels for the 
maximal stimulation of muscle GU are much higher than typical insulin concen-
trations after a mixed meal (40-50 mU/l) in healthy nonobese persons (Tchobrout-
sky et al. 1973). After an overnight fast approximately 10-20% of an oral glucose 
load is stored as skeletal muscle glycogen 4-5 hours after glucose ingestion (D. 
Kelley et al. 1988; Mårin et al. 1992). Skeletal muscle can store approximately 
500g of glucose as glycogen after which excess glucose is channelled into de novo 
lipogenesis (DNL) (J. Jensen et al. 2011). Insulin is an anabolic hormone that pro-
motes muscle protein synthesis and suppresses proteolysis (Fujita et al. 2006; 
Greenhaff et al. 2008). This limits the flux of glucogenic amino acids from skeletal 
muscle into the liver and thus also the gluconeogenesis. 

Adipose tissue glucose uptake and suppression of lipolysis 

Visceral adipose tissue has been shown to be more metabolically active when com-
pared to subcutaneous adipose tissue showing a higher rate of glucose uptake in 
both fasting and insulin-stimulated state (Ferrannini et al. 2018; Stolic et al. 2002; 
Virtanen et al. 2002). Even though the contribution of adipose tissue GU to the 
whole-body GU is relatively small in lean humans, it is higher in very obese per-
sons due to an expanded fat mass (Dadson et al. 2016; Mitrou et al. 2009). In 
healthy humans, insulin suppresses most lipolytic activity already at 20 mU/l (150 
pmol/l) (Conte et al. 2012; Kowalski et al. 2017). The antilipolytic effect of insulin 
has been reported to be lower in abdominal visceral and subcutaneous adipose tis-
sue than in femoral adipose tissue in some studies (Meek, Nair, Jensen 1999), 
while others have not found such differences between abdominal and femoral sub-
cutaneous depots (Hickner et al. 1999). The contribution of brown fat GU to the 
whole-body GU is small but there is evidence that brown fat thermogenesis is ac-
tivated after a meal (U Din et al. 2018). 

Intestinal glucose uptake and glucose release 

The gut is responsible for absorption of nutrients and their release into circulation. 
The gut has the capacity to regulate glucose release so that the resulting blood 
glucose remains relatively similar despite the amount of glucose ingested. These 
control mechanisms include the regulation of gastric emptying, the secretion of 
incretins, which stimulate insulin secretion and regulate food intake and the other 
hormones affecting appetite (Holst et al. 2016; Kooijman et al. 2015; Seino, Fuku-
shima, Yabe 2010). Sodium/glucose cotransporter 1 (SGLT1) mediates GU into 
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Intestinal glucose uptake and glucose release 

The gut is responsible for absorption of nutrients and their release into circulation. 
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enterocytes from intestinal lumen, while GLUT2 transports glucose from entero-
cytes into circulation. Moreover, GLUT2 has been suggested to travel into the ap-
ical membrane to enhance GU from lumen in response to meal containing simple 
sugars (Gorboulev et al. 2012; Gouyon et al. 2003; Kellett and Helliwell 2000; 
Schmitt et al. 2017), although other studies found no evidence for this suggestion 
(Röder et al. 2014; Sala-Rabanal Monica et al. 2018). In humans apical GLUT2 
has been found to be present in morbidly obese subjects but not their lean counter-
parts (Ait-Omar et al. 2011). In addition, a mouse study has provided evidence 
suggesting that insulin stimulates the removal of GLUT2 from the apical surface 
of the intestine in order to reduce the GU rate from the lumen to prevent an exces-
sively high glucose flux into circulation (Tobin et al. 2008). 

2.1.5 Fatty acid metabolism 

FAs are an important energy source for almost all tissues in the human body, ex-
cept for the brain, and the body fat reserves can supply the body functions for 
extensive periods of time. In general, FAs are the major energy source for the liver 
and heart, and for skeletal muscle at fasting or during low-intensity or long-lasting 
exercise (Birkenfeld and Shulman 2014; Frayn, Arner, Yki-Järvinen 2006).  

After a meal FAs are released from the small intestine into circulation mainly as 
part of chylomicron triglycerides. FAs are hydrolysed rapidly from chylomicron 
triglycerides by LPL located on the endothelial cells lining capillaries and trans-
ported actively or by diffusion to underlying tissue. In addition, large portion of 
the FAs are released into blood circulation as FFAs (Teusink et al. 2003). Fatty 
acids taken up into the tissues are esterified into acyl-CoA which can be channelled 
to mitochondria for oxidation or used for glycerolipid synthesis. Most FFAs in the 
liver and white and brown adipose tissue are converted into triglycerides for (tem-
porary) storage. Insulin promotes the uptake and storage of FAs into adipose tissue 
after a meal by stimulating adipose tissue LPL and suppressing lipolysis of intra-
cellular triglyceride stores, whereas skeletal muscle LPL is slightly downregulated. 
In the liver insulin promotes synthesis of FAs by DNL and incorporation of FAs 
into triglyceride stores but suppresses their release into circulation as VLDL-tri-
glycerides. Moreover, insulin inhibits FA oxidation in the liver indirectly by stim-
ulation DNL which produces malonyl-CoA, an inhibitor of carnitine 
palmioyltransferase (CPT1). CPT1 is a key step in the oxidation of long-chain FAs 
(Frayn, Arner, Yki-Järvinen 2006; Taskinen and Borén 2015).  

Hormone sensitive lipase (HSL), adipose triglyceride lipase (ATGL) and mono-
acylglycerol lipase cooperate to release FAs into the blood circulation from adi-
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pose tissue triglyceride stores to provide energy to body tissues at fasting and dur-
ing physical exercise. In addition, the liver releases FAs as part of VLDL-triglyc-
erides at fasting state. LPL hydrolyses FAs from VLDL-triglycerides for the use 
by the underlying tissues, although this process is slower than with chylomicrons. 
Within the liver, hepatic lipase (HL) is responsible for hydrolysis of triglycerides 
from small VLDL, LDL and HDL particles. In addition, remnants of chylomicrons 
and VLDL, which are generated via the concerted action of LPL and HL and have 
therefore released most of their triglycerides, are taken up by the liver (Frayn, 
Arner, Yki-Järvinen 2006). 

2.1.6 Insulin signal transduction 

Insulin signal transduction occurs in cells via a network of multiple pathways (Fig-
ure 2.4). A common starting point for these pathways is the insulin binding to its 
receptor on the cell surface. An insulin receptor is a transmembrane glycoprotein 
consisting of two extracellular α subunits and two transmembrane/intracellular β 
subunits which are connected by disulfide bonds. The extracellular 135kDa α sub-
units contain a cysteine-rich insulin binding domain, whereas the 95 kDa β subu-
nits contain domains for ATP binding and a catalytic loop for tyrosine kinase ac-
tivity. The binding of insulin moves α subunits closer together and enables ATP 
binding. In addition, insulin binding activates insulin receptor tyrosine kinase by 
triphosphorylation of its activation loop. The tyrosine kinase phosphorylates tyro-
sine residues outside the kinase domain, which creates binding sites for either mol-
ecules containing src-homology 2- (SH2) or phosphotyrosine-binding (PTB) do-
mains. These molecules include among others insulin receptor substrates (IRS) 1-
6, adapter Shc, CBL and APS (Langlais, Mandarino, Garvey 2015). Of these mol-
ecules IRS1 and -2 and Shc are considered to be the most important ones for insulin 
signaling. Bound IRS is activated by the insulin receptor by means of phosphory-
lation.  
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pose tissue triglyceride stores to provide energy to body tissues at fasting and dur-
ing physical exercise. In addition, the liver releases FAs as part of VLDL-triglyc-
erides at fasting state. LPL hydrolyses FAs from VLDL-triglycerides for the use 
by the underlying tissues, although this process is slower than with chylomicrons. 
Within the liver, hepatic lipase (HL) is responsible for hydrolysis of triglycerides 
from small VLDL, LDL and HDL particles. In addition, remnants of chylomicrons 
and VLDL, which are generated via the concerted action of LPL and HL and have 
therefore released most of their triglycerides, are taken up by the liver (Frayn, 
Arner, Yki-Järvinen 2006). 

2.1.6 Insulin signal transduction 

Insulin signal transduction occurs in cells via a network of multiple pathways (Fig-
ure 2.4). A common starting point for these pathways is the insulin binding to its 
receptor on the cell surface. An insulin receptor is a transmembrane glycoprotein 
consisting of two extracellular α subunits and two transmembrane/intracellular β 
subunits which are connected by disulfide bonds. The extracellular 135kDa α sub-
units contain a cysteine-rich insulin binding domain, whereas the 95 kDa β subu-
nits contain domains for ATP binding and a catalytic loop for tyrosine kinase ac-
tivity. The binding of insulin moves α subunits closer together and enables ATP 
binding. In addition, insulin binding activates insulin receptor tyrosine kinase by 
triphosphorylation of its activation loop. The tyrosine kinase phosphorylates tyro-
sine residues outside the kinase domain, which creates binding sites for either mol-
ecules containing src-homology 2- (SH2) or phosphotyrosine-binding (PTB) do-
mains. These molecules include among others insulin receptor substrates (IRS) 1-
6, adapter Shc, CBL and APS (Langlais, Mandarino, Garvey 2015). Of these mol-
ecules IRS1 and -2 and Shc are considered to be the most important ones for insulin 
signaling. Bound IRS is activated by the insulin receptor by means of phosphory-
lation.  
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Figure 2.4. Insulin signalling pathways. Based on (Boucher, Kleinridders, Kahn 
2014; Leto and Saltiel 2012; Muniyappa, Iantorno, Quon 2008) 

The phophatidylinositol 3-kinase (PI3K)/Akt pathway is the main route for insulin 
signalling to affect metabolism, while the Raf/ras/MEK/MAPK pathway is medi-
ating signal for cell growth and differentiation. PI3K is bound to IRS1 and IRS2 
by regulatory subunits p85 and p55, causing activation of the catalytic subunit 
p110, which can generate phophatidylinositol-3,4,5-trisphosphate (PIP) from 
phophatidylinositol-4,5-bisphosphate. PIP is then bound to phosphoinositide-de-
pendent protein kinase (PDK) 1 and -2, which can activate Akt1. Akt, also known 
as protein kinase B, is a serine/threonine protein kinase that has three structurally 
homologous isoforms, Akt1-3, which arise from different genes. Akt2 activates 
GLUT4 translocation to the cell surface in muscle and adipose tissue to increase 
glucose uptake. In the liver Akt2 mediates enhanced glycogen synthesis and re-
duces glycogen breakdown (Wan et al. 2013). The important role of Akt2 in insulin 
sensitivity in different tissues is highlighted by the low-frequency partial loss-of-
function p.P50T/AKT2 variant which causes reduction of insulin-stimulated GU 
in multiple organs as well as impaired suppression of EGP (Latva-Rasku et al. 
2018). The insulin signal is further transducted into at least four different path-
ways: 1) the mammalian target of rapamycin (mTOR), 2) the glycogen synthase 
kinase 3 (GSK3), 3) the forkhead box-containing protein O subfamily (FoxO) and 
4) the AKT substrate of 160kDa (AS160) pathway. The mTOR-pathway mediates 
regulation of protein synthesis and stimulates hepatic DNL (S. Li, Brown, Gold-
stein 2010; Porstmann et al. 2008; Titchenell et al. 2016; Wan et al. 2011; Yecies 
et al. 2011). The GSK3 is an inhibitor of glycogen synthase which is inhibited by 
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Akt, whereas the FoxO1 is a transcription factor which stimulates gluconeogenesis 
by increasing the expression of phophoenolpyruvate carboxykinase (PEPCK) and 
inhibits cell cycle by stimulating cyclin G2. The Akt-mediated insulin signal de-
activates FoxO1 and thus inhibiting gluconeogenesis (Nakae et al. 2001) and stim-
ulating cell growth (Pauta et al. 2016). In addition, Akt signalling is required for 
the insulin-mediated vasodilatation caused by endothelial nitric oxide synthase 
(eNOS) in endothelium (Dimmeler et al. 1999; Luo et al. 2000). 

CAP/Cbl/TC10 pathway has been shown to affect insulin-stimulated glucose 
transport in studies using adipose tissue cells. This pathway does not involve IRSs 
but is instead activated by the insulin receptor kinase -mediated phosphorylation 
of APS. TC10 has been shown to affect GLUT4 translocation via the cell cytoskel-
eton. However, the precise underlying mechanisms remain unclear as does the role 
of CAP/Cbl/TC10 pathway in insulin-stimulated GU in muscle cells (Langlais, 
Mandarino, Garvey 2015). 

2.2 Insulin resistance  

Insulin resistance means reduced insulin action on its targets on whole-body level, 
tissue level or cell level when compared to a normal physiological response (Pe-
tersen and Shulman 2018). More precisely, decreased insulin sensitivity may be 
described as a shift of insulin dose-response curve to the right, while a decreased 
insulin responsiveness means a lower maximal response compared to a normal 
state (Kahn 1978). Insulin resistance shows as lowered stimulation of GU in skel-
etal muscle, the liver, white and brown adipose tissue, the gut and the cardiac mus-
cle as well as decreased suppression of lipolysis in adipose tissue and impaired 
suppression of EGP from the liver and the kidneys (Iozzo 2010; Mäkinen et al. 
2015; Orava et al. 2013; Petersen and Shulman 2018). In the liver insulin resistance 
causes increased production triglyceride-rich VLDL particles and apolipoprotein 
C-III (ApoC-III) which inhibits catabolism of these particles by LPL (Taskinen 
and Borén 2015). 

2.2.1 Skeletal muscle insulin resistance 

Skeletal muscle insulin resistance is a key contributing factor to hyperglycaemia 
after a meal. This is due to the fact that in humans with normal glucose metabolism, 
postprandial hyperinsulinemia increases muscle GU several fold and muscle takes 
up 25-40% of an oral glucose load. Even though the liver can take up even more 
glucose after a meal, the contribution of insulin to the liver GU is lower since most 
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of APS. TC10 has been shown to affect GLUT4 translocation via the cell cytoskel-
eton. However, the precise underlying mechanisms remain unclear as does the role 
of CAP/Cbl/TC10 pathway in insulin-stimulated GU in muscle cells (Langlais, 
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described as a shift of insulin dose-response curve to the right, while a decreased 
insulin responsiveness means a lower maximal response compared to a normal 
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cle as well as decreased suppression of lipolysis in adipose tissue and impaired 
suppression of EGP from the liver and the kidneys (Iozzo 2010; Mäkinen et al. 
2015; Orava et al. 2013; Petersen and Shulman 2018). In the liver insulin resistance 
causes increased production triglyceride-rich VLDL particles and apolipoprotein 
C-III (ApoC-III) which inhibits catabolism of these particles by LPL (Taskinen 
and Borén 2015). 

2.2.1 Skeletal muscle insulin resistance 

Skeletal muscle insulin resistance is a key contributing factor to hyperglycaemia 
after a meal. This is due to the fact that in humans with normal glucose metabolism, 
postprandial hyperinsulinemia increases muscle GU several fold and muscle takes 
up 25-40% of an oral glucose load. Even though the liver can take up even more 
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of the uptake is driven by high glucose gradient between the portal vein and liver 
cells. Isolated impaired glucose tolerance has been shown to be mostly dependent 
on insulin stimulated glucose disposal and not EGP (Varghese et al. 2016). Fur-
thermore, there is some evidence in support of decreased GU, rather than impaired 
suppression of EGP, explaining increased glucose levels in obese individuals even 
in the fasting state (Jani et al. 2008).  

Muscle glucose transport and phosphorylation are lowered in the insulin resistant 
states of obesity and type 2 diabetes (Sesti 2006). An elegant study by Cline et al. 
has shown that defective glucose transport is the rate-limiting step in the lowered 
ability of skeletal muscle to store glucose (Cline et al. 1999). Studies using limb 
arteriovenous catheterisation have suggested that an impaired effect of insulin on 
blood flow contributes to a reduced skeletal muscle GU in insulin resistance 
(Baron et al. 1991; Laakso et al. 1990; K. Mather et al. 2000). Although, this in-
terpretation is disputed by studies using PET (Ferrannini et al. 2018). There is also 
evidence for defective transport of insulin to muscle in obesity (Broussard et al. 
2016; Sandqvist et al. 2011).  

A high glucose level that is present in diabetes decreases the whole-body insulin 
sensitivity by itself, which phenomenon is known as glucose toxicity. Studies us-
ing hyperglycaemic clamp have shown that this effect is present only when glucose 
level is above ~9 mmol/l (Boden et al. 1996; Leung et al. 2004; Solomon et al. 
2012). Possible mechanisms for the glucotoxic effects on skeletal muscle insulin 
sensitivity include reduced glycogen synthesis, diacylglycerol accumulation (Hoy 
et al. 2007), decreased GLUT4 translocation (Huang et al. 2002) and oxidative 
stress (Meugnier et al. 2007). While hyperglycaemia interferes with insulin signal-
ling, high glucose in itself promotes muscle GU, which may compensate for the 
defects in glycogen synthesis (D. E. Kelley and Mandarino 1990; Mandarino et al. 
1990; Vaag et al. 1992). However, evidence on this matter is conflicting (Beck‐
Nielsen Henning 2012; Vind et al. 2012). In addition to hyperglycaemia, hyperin-
sulinemia may cause insulin resistance as shown in studies on chronic hyperinsu-
linemia (Poy et al. 2002; Rizza et al. 1985; Shanik et al. 2008). 

Slow-twitch type I skeletal muscle fibres have a higher protein content of insulin 
receptor, GLUT4, hexokinase II, glycogen synthase and pyruvate dehydrogenase-
E1α than type II fibres (Albers et al. 2015). The fraction of slow-twitch muscle 
fibres and type I fibre GLUT4 content is lower in obesity, metabolic syndrome and 
T2DM patients. This is accompanied by reduced muscle oxidative capacity and 
insulin-stimulated whole body GU (Gaster et al. 2001; Oberbach et al. 2006; Stuart 
et al. 2013). In addition, men born with a low birth weight, who are predisposed to 
T2DM, have proportionally less oxidative type IIa fast-twitch fibres and increased 
glycolytic IIx fibres than men with a normal birth weight (C. B. Jensen et al. 2007). 
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There is some evidence of insulin resistance with respect to protein synthesis in 
both males with T2DM (S. Pereira et al. 2008) and elderly persons (Fujita et al. 
2009; Rasmussen et al. 2006). Insulin resistant protein synthesis could, therefore, 
contribute to the lower muscle mass observed in T2DM patients and aged individ-
uals. Increased triglyceride content in muscle is associated with insulin resistance 
among sedentary lean and obese humans and in T2DM sufferers, but on the other 
hand, muscle triglyceride content is also increased in endurance athletes (Amati et 
al. 2011). 

An artificial increase of plasma FFAs decreases the insulin-stimulated whole-body 
glucose disposal and insulin signalling in a dose dependent manner (Belfort et al. 
2005). Studies employing 18F-FDG and PET have shown that a high level of cir-
culating FFAs reduce insulin-stimulated GU in skeletal muscle and the heart (Nuu-
tila et al. 1992). The elevated FFA level reduces GU within hours suggesting that 
metabolic intermediates from FA metabolism are responsible for the decreased GU 
(Bonadonna et al. 1989). Fatty acids can induce insulin resistance by interfering 
with the IRS1 tyrosine phosphorylation and the subsequent PI3K activity. In addi-
tion, diacylglycerols deteriorate the insulin-stimulated GU by way of increased 
IRS1 serine phosphorylation and insulin receptor phosphorylation at Thr-1336, 
Thr-1348, and Ser-1305/1306 (Boucher, Kleinridders, Kahn 2014). 

2.2.2 Liver insulin resistance 

Insulin resistance of EGP is the key factor contributing to fasting hyperglycemia 
(DeFronzo, Ferrannini, Simonson 1989). Moreover, impaired suppression of EGP 
by insulin is a major determinant of glucose tolerance (Båvenholm et al. 2001). 
Insulin resistance affects hepatic GU and glycogen synthesis, which are impaired 
in type 2 diabetes (Basu et al. 2000; Basu, Basu, Shah, Vella, Johnson et al. 2001; 
Hwang et al. 1995; Iozzo, Hällsten et al. 2003a; Krssak et al. 2004). An important 
contributing factor to hepatic insulin resistance is the accumulation of lipid to the 
liver, known as nonalcoholic fatty liver disease (NAFLD), which is associated with 
both impaired stimulation of hepatic glucose uptake and glycogen synthesis and 
lower suppression of glucose production. A possible mechanism for increased fat 
content in the liver causing insulin resistance is accumulation of diacylglycerol, 
which can activate novel protein kinase C (PKC) isoforms that decrease phosphor-
ylation of IRS1 and IRS2 by means of insulin receptor kinase. Hyperinsulinemia 
promotes hepatic accumulation of diacylglycerol by stimulating DNL (Taskinen 
and Borén 2015). In addition, ceramides have been associated with impaired Akt2 
activation. Accumulation of diacylglycerol could be a result from increased diacyl-
glycerol synthesis and too slow incorporation of FAs to diacylglycerol to form 
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ing hyperglycaemic clamp have shown that this effect is present only when glucose 
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defects in glycogen synthesis (D. E. Kelley and Mandarino 1990; Mandarino et al. 
1990; Vaag et al. 1992). However, evidence on this matter is conflicting (Beck‐
Nielsen Henning 2012; Vind et al. 2012). In addition to hyperglycaemia, hyperin-
sulinemia may cause insulin resistance as shown in studies on chronic hyperinsu-
linemia (Poy et al. 2002; Rizza et al. 1985; Shanik et al. 2008). 

Slow-twitch type I skeletal muscle fibres have a higher protein content of insulin 
receptor, GLUT4, hexokinase II, glycogen synthase and pyruvate dehydrogenase-
E1α than type II fibres (Albers et al. 2015). The fraction of slow-twitch muscle 
fibres and type I fibre GLUT4 content is lower in obesity, metabolic syndrome and 
T2DM patients. This is accompanied by reduced muscle oxidative capacity and 
insulin-stimulated whole body GU (Gaster et al. 2001; Oberbach et al. 2006; Stuart 
et al. 2013). In addition, men born with a low birth weight, who are predisposed to 
T2DM, have proportionally less oxidative type IIa fast-twitch fibres and increased 
glycolytic IIx fibres than men with a normal birth weight (C. B. Jensen et al. 2007). 
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There is some evidence of insulin resistance with respect to protein synthesis in 
both males with T2DM (S. Pereira et al. 2008) and elderly persons (Fujita et al. 
2009; Rasmussen et al. 2006). Insulin resistant protein synthesis could, therefore, 
contribute to the lower muscle mass observed in T2DM patients and aged individ-
uals. Increased triglyceride content in muscle is associated with insulin resistance 
among sedentary lean and obese humans and in T2DM sufferers, but on the other 
hand, muscle triglyceride content is also increased in endurance athletes (Amati et 
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An artificial increase of plasma FFAs decreases the insulin-stimulated whole-body 
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2005). Studies employing 18F-FDG and PET have shown that a high level of cir-
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tila et al. 1992). The elevated FFA level reduces GU within hours suggesting that 
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with the IRS1 tyrosine phosphorylation and the subsequent PI3K activity. In addi-
tion, diacylglycerols deteriorate the insulin-stimulated GU by way of increased 
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Insulin resistance of EGP is the key factor contributing to fasting hyperglycemia 
(DeFronzo, Ferrannini, Simonson 1989). Moreover, impaired suppression of EGP 
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lower suppression of glucose production. A possible mechanism for increased fat 
content in the liver causing insulin resistance is accumulation of diacylglycerol, 
which can activate novel protein kinase C (PKC) isoforms that decrease phosphor-
ylation of IRS1 and IRS2 by means of insulin receptor kinase. Hyperinsulinemia 
promotes hepatic accumulation of diacylglycerol by stimulating DNL (Taskinen 
and Borén 2015). In addition, ceramides have been associated with impaired Akt2 
activation. Accumulation of diacylglycerol could be a result from increased diacyl-
glycerol synthesis and too slow incorporation of FAs to diacylglycerol to form 
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triglycerides or increased hydrolysis of triglycerides (Samuel and Shulman 2012). 
It is unclear whether FAs interfere with insulin signalling directly or only by other, 
lipotoxic, mediators such as diacyglycerols and ceramides. Nevertheless, satura-
rated FAs (SFAs) have been associated with hepatic insulin resistance (Petersen 
and Shulman 2018). Proinflammatory cytokines can also interfere with insulin sig-
nalling through cJun-N-terminal-kinase (JNK) (Solinas and Becattini 2017) or in-
hibition of IκB kinase-β.  

Lipolysis and gluconeogenesis from glycerol are increased in obesity and T2DM 
(Bortz et al. 1972; Puhakainen, Koivisto, Yki-Järvinen 1992). Studies in canines 
and rodents have shown that insulin resistance in adipose tissue can indirectly de-
teriorate the suppression of glucose production in the liver as a result of failure to 
inhibit lipolysis (Perry et al. 2015; Rebrin et al. 1996; Titchenell et al. 2016). Fur-
ther, an elegant study in dogs showed that this defect is caused by failure to channel 
the extra glucose formed by FFA-driven gluconeogenesis to glycogen synthesis 
during insulin-stimulation (Edgerton et al. 2017). In fact, in healthy humans, FFA 
infusion has only a minor effect on insulin suppression of EGP (Ferrannini et al. 
1983; Lewis et al. 1997). The key role of impaired suppression of lipolysis in in-
creased glucose production is further supported by studies using the lipolysis sup-
pressing drug, acipimox. As part of these studies, EGP was suppressed in obese 
individuals and T2DM sufferers after a 12 day treatment (Daniele et al. 2014) and 
fasting glucose and insulin levels were decreased after 6 months treatment in obese 
subjects without changes in muscle insulin sensitivity (Makimura et al. 2016). Alt-
hough FFA infusion seems to have little impact on EGP suppression in healthy 
humans, it does lower liver GU likely by impairing glucokinase activity (Iozzo et 
al. 2004). 

Unlike the effects of insulin on liver glucose metabolism, insulin’s ability to pro-
mote DNL is not impaired in an insulin resistant state. This means that the hyper-
insulinemia caused as a response to disturbed glucose homeostasis may promote 
production of VLDL triglycerides by stimulating DNL, thus contributing to hyper-
triglyceridemia (Choi and Ginsberg 2011; Sanders and Griffin 2016). Moreover, 
the FAs generated by DNL contribute also to the hepatic lipid accumulation (Don-
nelly et al. 2005) where bioactive lipids interfere with insulin signalling controlling 
glucose metabolism thus creating a vicious cycle (Sanders and Griffin 2016). An-
other contributing factor to increased VLDL triglycerides in obesity and insulin 
resistance is increased ApoC-III production in the liver (Cohn et al. 2004). ApoC-
III promotes hypertriglyceridemia by inhibiting hydrolysis of VLDL triglycerides 
by LPL (Larsson et al. 2013).  
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2.2.3 Adipose tissue insulin resistance 

Insulin-stimulated GU into visceral adipose tissue and subcutaneous adipose tissue 
depots is decreased in obesity and T2DM when measuring uptake per litre of tissue 
indicating insulin resistance. However, the large fat mass compensates for this de-
fect, so that the GU, when expressed per whole depots is actually similar to or 
higher than that of a lean or normal-weight person (Dadson et al. 2016; Mitrou et 
al. 2009; Virtanen et al. 2002). In addition to white adipose tissue GU, also brown 
adipose tissue GU has been shown to be insulin resistant in obesity (Orava et al. 
2013). 

Several studies have shown that the antilipolytic effect of insulin is impaired in 
obesity, insulin resistance and type 2 diabetes (Basu, Basu, Shah, Vella, Rizza et 
al. 2001; Hickner et al. 1999; Jansson, Smith, Lönnroth 1990; Nellemann et al. 
2012; Robinson et al. 1998). In addition, there is evidence for higher postprandial 
FFA levels in obesity and persons on a high fat diet. Some studies attribute in-
creased lipolysis in obese subjects to a higher fat mass and not to lower antilipo-
lytic effect of insulin (Bolinder et al. 2000; Robinson et al. 1998). Adipose tissue 
expansion by adipocyte hypertrophy is characterised by insulin resistance and met-
abolic disturbances while expansion by hyperplasia that produces new small adi-
pocytes is connected to a more benign phenotype (Lafontan 2014). A study of lip-
olytic activity in large and small adipocytes has shown that lipolytic activity is 
higher in large adipocytes, but not in proportion to lipid weight (Laurencikiene et 
al. 2011). In fact, circulating FFA levels are only meagrely related to fat mass and 
are actually lower per kg of adipose tissue with increasing fat mass (Karpe, Dick-
mann, Frayn 2011). One likely contributing factor to higher FFA levels is inflam-
mation, which has been shown to increase adipose tissue lipolysis (Perry et al. 
2015). 

Lower adipose tissue blood flow has been shown to be a major factor in decreased 
insulin-stimulated adipose tissue GU in case of insulin resistance (Ferrannini et al. 
2018; Raitakari et al. 1996). In addition, there is evidence for impaired transport 
of insulin through vascular endothelium in obesity (Sandqvist et al. 2011). 

Mendelian randomisation studies have identified a possible causal pathway 
whereby insulin resistance increases branched-chained amino acid (BCAA) con-
centrations (Mahendran et al. 2017; Q. Wang et al. 2017). Studies in humans and 
rodents suggest that the defect behind high circulating BCAA is the decreased ca-
tabolism of branched-chain amino acids in adipose tissue (Mardinoglu et al. 2014; 
She et al. 2007). This is especially important considering that BCAAs are likely to 
contribute to T2DM pathogenesis (Lotta et al. 2016).  
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2.2.3 Adipose tissue insulin resistance 

Insulin-stimulated GU into visceral adipose tissue and subcutaneous adipose tissue 
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2012; Robinson et al. 1998). In addition, there is evidence for higher postprandial 
FFA levels in obesity and persons on a high fat diet. Some studies attribute in-
creased lipolysis in obese subjects to a higher fat mass and not to lower antilipo-
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2.2.4 Insulin resistance in other tissues 

PET studies have shown that GU from blood into intestinal mucosa is insulin re-
sistant in morbid obesity and T2DM (Koffert et al. 2017; Mäkinen et al. 2015). 
Insulin-stimulated intestinal GU may be of importance in controlling blood glu-
cose both in the fasting state and after a meal. However, more studies are needed 
to clarify the effects of insulin on the intestine and the role of the intestine in reg-
ulating glucose homeostasis. On the other hand, patients with T2DM and cardio-
vascular disease have impaired insulin-stimulated myocardial GU. Even though 
the heart has only a small impact on the whole-body GU after a meal due to its 
small size, lower myocardial GU is associated with lower left ventricular ejection 
fraction suggesting increased risk of heart failure (Iozzo 2010). Unlike in other 
tissues, in the brain whole-body insulin resistant state is reflected by a paradoxical 
increase in the brain’s GU during insulin stimulation (Hirvonen et al. 2011; Tuulari 
et al. 2013). Mechanisms behind increased brain GU are currently unknown. 

2.2.5 Associations between different tissues 

Insulin sensitivity in skeletal muscle, the liver and adipose tissue has been studied 
simultaneously in the same subjects in regard to skeletal muscle GU as well as 
suppression of EGP and lipolysis (Conte et al. 2012; Korenblat et al. 2008). The 
study by Korenblat et al. (Korenblat et al. 2008) showed that insulin sensitivity in 
these tissues is closely linked to the liver’s fat content. In addition, hyperinsuline-
mia in the physiological range is sufficient to compensate for insulin resistance in 
the EGP and lipolysis suppression but not for stimulation of skeletal muscle GU. 
However, it is unclear if insulin resistance of skeletal muscle, adipose tissue and 
liver GU is present simultaneously and to what extent. Mechanisms and mediators 
of interorgan crosstalk are discussed in detail elsewhere (Gancheva et al. 2018; Oh 
et al. 2016; Petersen and Shulman 2018). 

2.3 Insulin resistance risk factors 

2.3.1 Obesity and lifestyle-related risk factors 

Obesity and ectopic fat accumulation 
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Obesity and low physical activity are the key environmental risk factors for insulin 
resistance (Reaven 2011). Together these factors explain a major share of the var-
iation in the whole-body insulin-stimulated GU (Bogardus et al. 1985; Huth et al. 
2016; Jukarainen et al. 2017; Yki-Järvinen and Koivisto 1983). Visceral fat mass 
has the strongest association with insulin resistance among different fat depots 
while leg fat shows no association (M. Zhang et al. 2015). Visceral fat is thought 
to confer liver insulin resistance by providing high amounts of FFAs directly to 
the liver through the portal vein. In fact, the contribution of visceral depot to he-
patic FFA delivery increases with a larger depot size (Nielsen et al. 2004). In ad-
dition to vast epidemiological evidence and weight loss interventions, Mendelian 
randomisation analyses give support for a causal role of obesity in insulin re-
sistance (Dale et al. 2017; Emdin et al. 2017; Holmes et al. 2014; Tao et al. 2018; 
T. Wang et al. 2016).  

The liver’s fat content predicts type 2 diabetes irrespective of BMI and age (Lal-
lukka and Yki-Järvinen 2016) and is an independent predictor of hepatic insulin 
resistance (Kotronen et al. 2008). However, it is important to note that liver fat 
accumulation does not always cause insulin resistance. The p.Ile148Met polymor-
phism of the Patatin-like phospholipase domain-containing protein 3 (PNPLA3) 
gene and p.Glu167Lys of the transmembrane 6 superfamily 2 (TM6SF2) gene pre-
dispose the liver to increased fat accumulation when a person is subject to nutrient 
excess (Anstee and Day 2015). A fatty liver caused by such mutations does not 
directly cause insulin resistance (Kantartzis et al. 2009; Kotronen et al. 2009; Ro-
meo et al. 2010; Zhou et al. 2015) but may do so indirectly through liver damage 
(Dongiovanni et al. 2018). A possible explanation to the lack of association be-
tween fatty liver and insulin resistance in carriers of these mutations is accelerated 
incorporation of FAs into triglycerides and decreased hydrolysis of triglycerides 
which may limit the amounts of cytosolic bioactive lipid species (J. Z. Li et al. 
2012). 

Diet and microbiota  

A diet leading to an intake of more calories than the person’s energy expenditure, 
a so-called ‘positive energy balance’ causes obesity and thus indirectly insulin re-
sistance. Apart from overfeeding, diet nutrients have also independent effects on 
insulin sensitivity. A diet rich in carbohydrates and saturated FAs, instead of un-
saturated FAs, predispose to insulin resistance (Imamura et al. 2016). On the other 
hand, reduced polyunsaturated FAs and increased glycerol, monounsaturated FAs 
and saturated FAs in blood have been associated with current and future hypergly-
cemia and T2DM (Djoussé et al. 2011; Laaksonen et al. 2002; Mahendran et al. 
2013). Some studies investigating plasma cholesteryl esters have come to similar 
conclusions, but in these studies dihomo-γ-linolenic (20:3n−6) and γ-linolenic 
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(18:3n−6) acids were associated with higher T2DM risk and worse glycemic con-
trol (Vessby et al. 1994; L. Wang et al. 2003). While many metabolites are pro-
duced endogenously, lipids reflect diet quality relatively well (Akbaraly et al. 
2018). Moreover, replacing carbohydrates with a higher fructose consumption has 
been associated with hepatic insulin resistance in nondiabetic subjects (ter Horst 
et al. 2016). However, in T2DM fructose when replacing other carbohydrates 
seems actually beneficial for glycaemic control (Cozma et al. 2012). More studies 
are needed to clarify this seeming paradox. 

Gut microbiota is emerging as a major element affecting insulin sensitivity. Mi-
crobial genera Dorea, Oscillospira and Ruminococcus that ferment acetate, propi-
onate and butyrate from complex carbohydrates are enriched in high fat diet-in-
duced obese rodents and may thus promote obesity by providing extra energy (Jiao 
et al. 2018). However, apart from energy from complex carbohydrates, these FAs 
have a more complex role in regulating insulin sensitivity and body weight. For 
example, SCFAs have been shown to reduce food intake and increase FA oxidation 
(Chambers et al. 2018; Z. Li et al. 2018). Short-chain FAs (SCFAs) are substrates 
for the G-protein coupled receptor 41 (free fatty acid receptor 3) and -43 (FFA2) 
and butyrate for GPR109a (hydroxycarboxylic acid receptor 2) which are present 
in various tissues in the body and can thus mediate direct tissue-specific effects on 
these FAs (Canfora, Jocken, Blaak 2015; Chambers et al. 2018). Furthermore, gut 
microbiota can synthesize BCAAs (Deguchi et al. 1978; Metges et al. 1999; 
Torrallardona, Harris, Fuller 2003). Increased BCAA synthesis and lowered break-
down by gut microbes may contribute to the higher BCAA levels observed in obe-
sity and insulin resistance, which in turn, is likely to contribute to T2DM patho-
physiology (Lotta et al. 2016). 

Physical inactivity 

Amount of work-related physical activity has decreased considerably over the past 
decades in high-income countries such as Finland and Unites States (Church et al. 
2011; Husu et al. 2011). In concordance, the amount of time spent sitting down in 
European countries is generally the highest in high-income North-Western Euro-
pean countries and lower in lower-income Southern Europe (Bennie et al. 2013). 
Being sedentary increases the risk of T2DM and cardiovascular diseases (Biswas 
et al. 2015; van der Berg et al. 2016), whereas a low amount of physical activity is 
associated with insulin resistance (Balkau et al. 2008). 

Smoking 

Smoking is an independent predictor of insulin resistance (Eliasson et al. 1994; 
Facchini et al. 1992; Rönnemaa et al. 1996). Smoking increases central fat depots, 
sympathetic activity, cortisol levels, inflammation and oxidative stress, all of 
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which may contribute to higher insulin resistance (Grøndahl et al. 2018). In addi-
tion, there is evidence that nicotine itself induces insulin resistance (Eliasson, 
Taskinen, Smith 1996). However, nicotine use increases energy expenditure and 
leads to reduction in bodyweight which oppose the harmful effects (Rupprecht et 
al. 2018). 

Sleep 

Sleep duration has a U-shaped association with T2DM risk. The lowest risk of 
T2DM is observed in persons of 7-8 h sleep per day (Shan et al. 2015). Sleep dep-
rivation causes insulin resistance, impairs glucose homeostasis and increases ap-
petite and caloric intake (Mesarwi et al. 2013). In fact, reduced insulin sensitivity 
can be observed already after one night of short sleep (Donga et al. 2010). More-
over, having a preserved circadian rhythm is important because circadian misa-
lignment is associated with obesity and T2DM as well as reduces skeletal muscle 
insulin sensitivity (Wefers et al. 2018). Mice exposed to prolonged day length by 
increased light exposure are prone to increased adiposity (Kooijman et al. 2015). 
In addition, short sleep duration or poor sleep quality have been associated with 
hepatic lipid accumulation, albeit these association may be explained by higher 
BMI and sleep apnea in persons with these conditions (Bos et al. 2018). 

2.3.2 Genetic and epigenetic risk factors 

T2DM is markedly heritable. With one affected parent, the lifetime risk of being 
afflicted with T2DM is estimated to be two-fold to four-fold compared to persons 
whose parents do not have T2DM (Pierce M., Keen H., Bradley C. 1995). An es-
timated heritability of T2DM by the age 80 has been calculated to be 40% with 
one affected parent and 70% when both parents have T2DM (Köbberling and Tillil 
1982). Similarly, studies on twin pairs have shown a heritability of 70% (Willem-
sen et al. 2015). Studies assessing heritability of insulin sensitivity applying the 
frequently sampled intravenous glucose tolerance test (FSIVGTT), the euglyce-
mic-hyperinsulinemic clamp or the hyperglycaemic clamp have yielded estimates 
of 20-60% (Goodarzi et al. 2014). In addition, persons with African or Hispanic 
Mexican genetic background tend to be more insulin resistant than Caucasians and 
East Asians, and East Asians are generally more insulin sensitive than Caucasians 
(Golden et al. 2012; Kodama et al. 2013). 

The identified common gene mutations (minor allele frequency >5%) predisposing 
to T2DM explain only a minor portion of T2DM heritability. Most of the found 
mutations affect insulin secretion and not insulin sensitivity (Stancakova and 
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Laakso 2016). The found common variants affecting insulin sensitivity are listed 
in Table 2.1.  

Table 2.1. Loci associated with fasting insulin/insulin sensitivity when accounting 
for BMI (A. K. Manning et al. 2012; Scott et al. 2012; Walford et al. 2016) 

Single nucleotide polymorphisms (SNPs) with a plausible mechanistic link 
to insulin sensitivity/metabolism 

Locus SNP Protein function(s) 

ARL15 rs4865796 Promotes phosphorylation of members of the 
IR/IRS1/PDPK1/AKT insulin signalling path-
way (J. Zhao et al. 2017); important for adipo-
cyte differentiation (Rocha et al. 2017) 

BCL2 rs12454712 Prevents adipocyte apoptosis (Nagel et al. 2014; 
Tinahones et al. 2012) 

GCKR rs780094 Inhibits glucokinase (Massa, Gagliardino, Fran-
cini 2011) 

GRB14 rs10195252 Inhibition of insulin receptor catalytic activity 
(Popineau et al. 2016) 

FAM13A rs3822072 Improves insulin signalling by protecting IRS1 
from proteasomal degradation (Wardhana et al. 
2018) 

IRS1 rs7578326, 
rs2943634 

Insulin signal mediator (Langlais, Mandarino, 
Garvey 2015) (Chapter 2.1.6) 

KLF14 rs972283 Female-specific effect on adipocyte proliferation 
and lipogenesis (Small et al. 2018) 

PDGFC rs6822892, 
rs4691380 

Activation of platelet-derived growth factor re-
ceptor α. Cell proliferation, migration, differen-
tiation and survival through members of insulin 
signalling pathway. Promotes angiogenesis and 
adipose tissue beiging (C. Lee and Li 2018; Seki 
et al. 2016). 
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PPARG rs1801282, 
rs17036328 

Regulation of lipid and glucose metabolism, FA 
transport, adipogenesis and inflammation (Ah-
madian et al. 2013). 

PPP1R3B rs2126259, 
rs4841132 

Protein phosphatase-1 catalytic subunit. Acti-
vates and promotes glycogen synthase (Mehta et 
al. 2017; Ragolia and Begum 1998; Stender et al. 
2018) 

SNPs without any known mechanistic link to insulin sensitivity/metabolism 

Locus SNP Protein function(s) 

ANKRD55-
MAP3K1 rs459193 

Functions of ANKRD55 are unknown. 
MAP3K1 regulates cell death, survival, migra-
tion and differentiation (Suddason and Gallagher 
2015) 

COBLL1- 
GRB14 rs7607980 

COBLL1 modulates cytoskeleton structure by 
actin assembly and remodelling (Takayama et al. 
2018) 

FAM19A2 rs10506418 Unknown 

LYPLAL1 
rs4846565, 
rs2785980 Unknown (Watson et al. 2017) 

PEPD rs731839 Hydrolysis of di- and tripeptides with carboxy-
terminal proline (Tanoue, Endo, Matsuda 1990) 

TET2 rs974801 
Oxidation of 5-methylcytosine in DNA to 5-hy-
droxymethylcytosine. Hematopoietic stem and 
progenitor cell self-renewal (Fuster et al. 2017) 

UHRF1BP1 
rs6912327, 
rs4646949 

Regulation of inflammation and cytosine meth-
ylation (Payne et al. 2018) 

In addition to the common variants there are many rare variants of which a small 
number have a high effect size. Identified rare variants affecting insulin sensitivity 
include mutations affecting the peroxisome proliferator-activated receptor γ 
(PPARγ) and Akt2. 

PPARγ is a nuclear transcription factor that regulates lipid and glucose metabo-
lism, FA transport, adipogenesis and inflammation (Ahmadian et al. 2013). The 
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Single nucleotide polymorphisms (SNPs) with a plausible mechanistic link 
to insulin sensitivity/metabolism 

Locus SNP Protein function(s) 

ARL15 rs4865796 Promotes phosphorylation of members of the 
IR/IRS1/PDPK1/AKT insulin signalling path-
way (J. Zhao et al. 2017); important for adipo-
cyte differentiation (Rocha et al. 2017) 

BCL2 rs12454712 Prevents adipocyte apoptosis (Nagel et al. 2014; 
Tinahones et al. 2012) 

GCKR rs780094 Inhibits glucokinase (Massa, Gagliardino, Fran-
cini 2011) 

GRB14 rs10195252 Inhibition of insulin receptor catalytic activity 
(Popineau et al. 2016) 

FAM13A rs3822072 Improves insulin signalling by protecting IRS1 
from proteasomal degradation (Wardhana et al. 
2018) 

IRS1 rs7578326, 
rs2943634 

Insulin signal mediator (Langlais, Mandarino, 
Garvey 2015) (Chapter 2.1.6) 

KLF14 rs972283 Female-specific effect on adipocyte proliferation 
and lipogenesis (Small et al. 2018) 

PDGFC rs6822892, 
rs4691380 

Activation of platelet-derived growth factor re-
ceptor α. Cell proliferation, migration, differen-
tiation and survival through members of insulin 
signalling pathway. Promotes angiogenesis and 
adipose tissue beiging (C. Lee and Li 2018; Seki 
et al. 2016). 
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PPARG rs1801282, 
rs17036328 

Regulation of lipid and glucose metabolism, FA 
transport, adipogenesis and inflammation (Ah-
madian et al. 2013). 

PPP1R3B rs2126259, 
rs4841132 

Protein phosphatase-1 catalytic subunit. Acti-
vates and promotes glycogen synthase (Mehta et 
al. 2017; Ragolia and Begum 1998; Stender et al. 
2018) 

SNPs without any known mechanistic link to insulin sensitivity/metabolism 

Locus SNP Protein function(s) 

ANKRD55-
MAP3K1 rs459193 

Functions of ANKRD55 are unknown. 
MAP3K1 regulates cell death, survival, migra-
tion and differentiation (Suddason and Gallagher 
2015) 

COBLL1- 
GRB14 rs7607980 

COBLL1 modulates cytoskeleton structure by 
actin assembly and remodelling (Takayama et al. 
2018) 

FAM19A2 rs10506418 Unknown 

LYPLAL1 
rs4846565, 
rs2785980 Unknown (Watson et al. 2017) 

PEPD rs731839 Hydrolysis of di- and tripeptides with carboxy-
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Oxidation of 5-methylcytosine in DNA to 5-hy-
droxymethylcytosine. Hematopoietic stem and 
progenitor cell self-renewal (Fuster et al. 2017) 
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rs6912327, 
rs4646949 

Regulation of inflammation and cytosine meth-
ylation (Payne et al. 2018) 

In addition to the common variants there are many rare variants of which a small 
number have a high effect size. Identified rare variants affecting insulin sensitivity 
include mutations affecting the peroxisome proliferator-activated receptor γ 
(PPARγ) and Akt2. 

PPARγ is a nuclear transcription factor that regulates lipid and glucose metabo-
lism, FA transport, adipogenesis and inflammation (Ahmadian et al. 2013). The 
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PPARG gene produces two protein isoforms by alternative mRNA splicing: 
PPARγ1 and PPARγ2. PPARγ1 is present ubiquitously while PPARγ2 is concen-
trated in adipose tissue and to a lesser amount in the liver (Fajas et al. 1997). 
PPARγ2 has a key role in facilitating adipose tissue expansion, preventing lipo-
toxicity and moderating the effect of nutrition on insulin sensitivity (Medina-
Gomez et al. 2005; Medina-Gomez et al. 2007). Rare loss-of-function mutations 
of PPARγ have been found to cause defective adipocyte differentiation, partial lip-
odystrophy, especially in the gluteofemoral region, adipose tissue dysfunction and 
severe insulin resistance. Such agency highlights the important role of this gene in 
adipose tissue and energy metabolism (Majithia et al. 2014; Semple, Chatterjee, 
O'Rahilly 2006). The rs1801282 variant of the PPARG gene causes substitution of 
alanine for proline at position 12 (p.Pro12Ala) in the NH2-terminus of PPARγ2 
and results in reduced receptor activity and improved insulin sensitivity (Deeb et 
al. 1998). The p.Pro12Ala-variant is relatively common in Caucasians (minor al-
lele frequency approximately 13%) and less frequent in East Asians (4.5%). This 
polymorphism reduces the risk of T2DM (Gouda et al. 2010) but increases the risk 
of cardiovascular disease (Z. Wu et al. 2012). The diabetes lowering effect of the 
Ala12 allele is mediated through improved insulin sensitivity, although this effect 
is modified by a person’s BMI and ethnicity (Dimas et al. 2014; Tönjes et al. 2006; 
Vänttinen et al. 2005). Higher skeletal muscle insulin sensitivity has been observed 
among non-diabetic lean/normal-weight carriers of the Ala12 allele but not in 
obese subjects (Vänttinen et al. 2005). However, it is unclear whether the Ala12 
allele affects tissue-specific insulin sensitivity in T2DM. 

The serine/threonine kinase Akt2 is a key mediator in the insulin signalling path-
way (Chapter 2.1; Figure 2.3). A partial loss-of-function mutation p.Pro50Thr of 
the AKT2 gene is distinctive of the Finnish ancestry. This mutation causes im-
paired insulin-stimulated GU in several insulin sensitive organs, skeletal muscle, 
the liver, brown adipose tissue and bone marrow (Latva-Rasku et al. 2018) and 
increases the risk of diabetes (A. Manning et al. 2017). Similarly, as observed be-
tween obese/insulin resistant and insulin sensitive persons (Tuulari et al. 2013), 
brain GU was higher during insulin stimulation in p.Pro50Thr-induced insulin re-
sistance. Also, EGP is less suppressed in carriers of this mutation (Latva-Rasku et 
al. 2018). Rare mutations of AKT2 have been found to affect insulin sensitivity, 
including the loss-of-function p.Arg274His mutation causing severe insulin re-
sistance (George et al. 2004) and the p.Glu17Lys mutation causing constitutive 
insulin-independent Akt2 activation and severe fasting hypoinsulinemic hypogly-
caemia (Hussain et al. 2011). 

Epigenetic and structural modifications to DNA occurring during pregnancy are 
getting recognition as important factors affecting the health of the offspring (Iozzo 
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et al. 2014). Large cohort studies have shown that maternal obesity before or dur-
ing gestation, predisposes offspring to obesity, insulin resistance and type 2 diabe-
tes (Eriksson et al. 2014; Hochner et al. 2012; Z. Yu et al. 2013). Low birthweight 
and low muscle mass predict low muscle mass and strength also in adulthood (Du 
et al. 2010; Sayer et al. 2008). Low muscle mass in relation to body weight is 
associated with lower insulin sensitivity over the whole range of muscle mass and 
additionally correlates with worse glycemia (Srikanthan and Karlamangla 2011). 

2.3.3 Other risk factors 

Sex 

Women are generally considered more insulin sensitive than men. This is sup-
ported by evidence pointing to women having higher insulin-stimulated skeletal 
muscle and whole-body glucose disposal (Lundsgaard and Kiens 2014; Nuutila et 
al. 1995) as well as better insulin suppression of EGP than men (Ter Horst et al. 
2015). In addition, there is evidence of lower effect of insulin on adipocyte insulin 
signalling in male rodents (Macotela et al. 2009), but studies about sex differences 
in human adipose tissue GU are scarce. The female body type favours gluteofem-
oral fat deposition instead of androgenic abdominal fat deposition, which is likely 
a major contributor to the found differences in insulin sensitivity between sexes. 
Insulin sensitivity in women decreases when visceral fat deposition increases after 
menopause, suggesting that oestrogen is the reason behind the favourable deposi-
tion and protection from insulin resistance in women (Hocking et al. 2013). 

Aging 

Insufficient physical activity, weight-gain (Husu et al. 2011; NatCen Social Re-
search and UCL 2017) and loss of muscle mass are typical characteristics of aging 
(Morley et al. 2001). Aged individuals tend to be more insulin resistant compared 
to younger persons (DeFronzo 1979; Rowe et al. 1983). In addition, loss of oxida-
tive capacity and mitochondrial mass per volume of muscle occurs with aging 
(Conley, Jubrias, Esselman 2000). A hallmark of the problems associated with 
muscle loss is the frailty syndrome whereby aged individuals suffer from reduced 
muscle strength, endurance and physiologic function (Morley et al. 2013). The 
frailty syndrome is often preceded by whole-body insulin resistance (Barzilay et 
al. 2007; Perez-Tasigchana et al. 2017). Elderly patients with T2DM have lower 
muscle mass and strength when compared to nondiabetic individuals of the same 
age (Leenders et al. 2013; Park et al. 2009). Based on this information and other 
research (Amati et al. 2009; Ferrannini et al. 1996; Karakelides et al. 2010), it 
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the AKT2 gene is distinctive of the Finnish ancestry. This mutation causes im-
paired insulin-stimulated GU in several insulin sensitive organs, skeletal muscle, 
the liver, brown adipose tissue and bone marrow (Latva-Rasku et al. 2018) and 
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al. 2018). Rare mutations of AKT2 have been found to affect insulin sensitivity, 
including the loss-of-function p.Arg274His mutation causing severe insulin re-
sistance (George et al. 2004) and the p.Glu17Lys mutation causing constitutive 
insulin-independent Akt2 activation and severe fasting hypoinsulinemic hypogly-
caemia (Hussain et al. 2011). 

Epigenetic and structural modifications to DNA occurring during pregnancy are 
getting recognition as important factors affecting the health of the offspring (Iozzo 
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et al. 2014). Large cohort studies have shown that maternal obesity before or dur-
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tes (Eriksson et al. 2014; Hochner et al. 2012; Z. Yu et al. 2013). Low birthweight 
and low muscle mass predict low muscle mass and strength also in adulthood (Du 
et al. 2010; Sayer et al. 2008). Low muscle mass in relation to body weight is 
associated with lower insulin sensitivity over the whole range of muscle mass and 
additionally correlates with worse glycemia (Srikanthan and Karlamangla 2011). 

2.3.3 Other risk factors 
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Women are generally considered more insulin sensitive than men. This is sup-
ported by evidence pointing to women having higher insulin-stimulated skeletal 
muscle and whole-body glucose disposal (Lundsgaard and Kiens 2014; Nuutila et 
al. 1995) as well as better insulin suppression of EGP than men (Ter Horst et al. 
2015). In addition, there is evidence of lower effect of insulin on adipocyte insulin 
signalling in male rodents (Macotela et al. 2009), but studies about sex differences 
in human adipose tissue GU are scarce. The female body type favours gluteofem-
oral fat deposition instead of androgenic abdominal fat deposition, which is likely 
a major contributor to the found differences in insulin sensitivity between sexes. 
Insulin sensitivity in women decreases when visceral fat deposition increases after 
menopause, suggesting that oestrogen is the reason behind the favourable deposi-
tion and protection from insulin resistance in women (Hocking et al. 2013). 

Aging 

Insufficient physical activity, weight-gain (Husu et al. 2011; NatCen Social Re-
search and UCL 2017) and loss of muscle mass are typical characteristics of aging 
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age (Leenders et al. 2013; Park et al. 2009). Based on this information and other 
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seems that low physical activity and weight gain explain the most, if not all, of the 
effects of aging on loss of insulin sensitivity. 

Cellular aging, measured by telomere length, is an aspect of aging which is not 
necessarily tied to chronological aging (K. A. Mather et al. 2011). Telomeres are 
repetitive DNA sequences at the ends of chromosomes which protect the coding 
and regulatory elements of the genome from degradation. Cellular aging is marked 
by telomeres becoming shorter due to oxidative stress and copying errors during 
cell division (K. A. Mather et al. 2011). Shorter leukocyte telomere length is asso-
ciated with obesity (S. Chen et al. 2014; M. Lee et al. 2011) and predicts develop-
ment of insulin resistance (Verhulst et al. 2016) as well as T2DM (J. Zhao et al. 
2014). Additionally, low telomere length is associated with whole-body insulin 
resistance in young adults (Gardner et al. 2005) and with skeletal muscle insulin 
resistance in elderly women (Bucci et al. 2016). It is unclear whether shorter telo-
meres are associated with insulin resistance in other organs. 

Statins 

Statin treatment increases the risk of T2DM by decreasing insulin sensitivity and 
insulin secretion (Cederberg et al. 2015). 3-hydroxy-3-methyl glutaryl coenzyme 
A (HMG-CoA) reductase activity, which is the target of statins, is at least partly 
the reason behind the increased diabetes risk (Swerdlow et al. 2015). Moreover, 
cholesterol overload caused by statin-induced increase in LDL receptor on pancre-
atic β cells may be the mechanistic link behind impaired insulin secretion (Q. Yu, 
Chen, Xu 2017). 

2.4 Methods of assessing insulin sensitivity  

2.4.1 Measurement of whole-body insulin sensitivity 

Euglycemic-hyperinsulinemic clamp 

The euglycemic-hyperinsulinemic clamp technique (Defronzo, Tobin, Andres 
1979) is widely considered the gold standard method for measuring insulin sensi-
tivity and has been established as the standard method. The euglycemic-hyperin-
sulinemic clamp is carried out after an overnight fast in order to ascertain that no 
glucose is emerging from the gastro-intestinal tract. In the clamp, insulin is infused 
at a constant rate, which is above the fasting insulin levels. Plasma glucose is mon-
itored using 5-10 min intervals and glucose is given intravenously at a rate which 
is sufficient to keep plasma glucose at a steady level. The usual target level in 
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euglycemic clamp is 5 mmol/l, which is around the normal fasting plasma glucose 
level and, therefore, does not cause an increase in glucose uptake by glucose mass 
action. Keeping the glucose level steady allows measuring insulin sensitivity with-
out confounding by other homeostatic control mechanisms affecting blood glu-
cose. In the euglycemic-hyperinsulinemic clamp, insulin infusion rate of 40-120 
mU/m2/min is usually used to stimulate GU into insulin sensitive tissues and to 
suppress EGP. Obese and insulin resistant subjects require a rate at the higher end 
of the range to be used in order to completely suppress EGP (Prager, Wallace, 
Olefsky 1986; Rizza, Mandarino, Gerich 1981). Only if EGP is completely sup-
pressed, the amount of infused glucose reflects glucose uptake of the whole body.  

There are several ways to express the whole-body glucose disposal rate (M-value) 
by the euglycemic-hyperinsulinemic clamp, which can make comparisons between 
studies difficult. The glucose infusion rate is usually reported per kg body weight 
or per kg fat-free mass to describe whole-body insulin sensitivity. Rationale for 
using fat-free mass is that the majority (~75-80%) of infused glucose during the 
clamp is taken up by skeletal muscle, and thus a large fat mass would exaggerate 
peripheral insulin resistance. A counterargument to this is that the contribution of 
adipose tissue GU to the whole-body glucose disposal is increased by the existence 
of a large fat mass (Dadson et al. 2016; Mitrou et al. 2009). M-value may be further 
divided by the clamp insulin level to describe insulin’s effectiveness. However, 
the effect of insulin on M-value is not linear (Prager, Wallace, Olefsky 1986; 
Rizza, Mandarino, Gerich 1981), which should be taken into account when using 
the described approach. 

There are a couple of limitations to using the clamp. First, frequent blood glucose 
measurements and adjustments to the glucose infusion rate that are crucial to a 
successful study require a highly trained staff or sophisticated equipment. Sec-
ondly, the clamp does not create the high insulin and glucose concentrations oc-
curring physiologically in the portal vein at the postprandial state, thus limiting its 
use in measuring liver metabolism. 

Insulin suppression test 

The insulin suppression test (IST) (Shen, Reaven, Farquhar 1970) is a method of 
directly assessing insulin sensitivity of whole-body glucose disposal. IST is based 
on suppressing endogenous secretion of insulin and infusing insulin and glucose 
at a constant rate. Typical rates of insulin infusion are 25 or 30 mU/body surface 
m2/min and of glucose infusion they are 240 or 260 mg/body surface m2/min. So-
matostatin, its analogue octreotide or alternatively epinephrine in combination 
with propranolol are used to block pancreatic insulin release (Harano et al. 1978; 
Pei et al. 1994; Shen, Reaven, Farquhar 1970). IST is conducted after an overnight 
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fast and insulin sensitivity is determined by the glucose level at steady state. Usu-
ally steady state is achieved between 150 to180 minutes after the commencement 
of the study. Insulin sensitivity assessed by IST is highly correlated (r > 0.9) with 
insulin sensitivity measured using euglycemic-hyperinsulinemic clamp (Green-
field et al. 1981; Mimura et al. 1994).  

The required amount of labour and time as well as demand for equipment set limits 
to using the insulin suppression test and prohibit its large-scale use. In addition, 
EGP should be completely blocked to avoid overestimating insulin resistance. 
Moreover, the glucose level reached during the test may be relatively low in highly 
insulin sensitive subjects or high in subjects with insulin resistance. The former 
can cause confounding to the estimated insulin sensitivity due to insulin-independ-
ent glucose disposal and the latter due to glucose released to urine. These limita-
tions may be addressed by adjusting the steady-state glucose level by fasting 
plasma glucose and collecting urine samples during the study (Pacini and Mari 
2007). In general, IST is much less popular than the euglycemic-hyperinsulinemic 
clamp. 

Intravenous glucose tolerance test 

There are various types of intravenous glucose tolerance tests. The most commonly 
used is the frequently sampled intravenous glucose tolerance test (FSIVGTT) de-
veloped by Bergman and others (Bergman et al. 1979; Y. J. Yang, Youn, Bergman 
1987). The test is performed after an overnight fast. The procedure starts with giv-
ing the subject an intravenous bolus of glucose over a period of 2 min. In a typical 
procedure, plasma glucose and insulin samples are collected every 1-2 min until 
30 min from the start of the study and continued every 10 min until 180 min have 
passed. Plasma glucose and insulin concentrations are entered into a computer pro-
gram called MINMOD, which calculates an index for insulin sensitivity (Pacini 
and Bergman 1986).  

Dependence on the endogenous insulin secretion and difficulties in differentiating 
the effects of insulin-stimulation from the effect of high glucose concentration on 
glucose disposal are limitations to applying the original FSIVGTT (Y. J. Yang, 
Youn, Bergman 1987). To overcome this issue, a common modification to the pro-
tocol is to include a 5 min insulin infusion, which is started 20 min after the com-
mencement of the glucose infusion (Finegood, Hramiak, Dupre 1990). Another 
solution is to use tolbutamide in order to increase insulin secretion (Beard et al. 
1986). With these modifications, the insulin sensitivity assessment from FSIVGTT 
has a reasonably good correlation with the insulin sensitivity measured using the 
euglycemic-hyperinsulinemic clamp (Saad et al. 1997). 
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Fasting surrogate measures of insulin sensitivity 

The simplest way to assess insulin sensitivity is measuring fasting plasma glucose 
and insulin and using surrogate insulin sensitivity indices derived from these meas-
urements, such as the Homeostatic model assessment for insulin resistance 
(HOMA-IR) (D. R. Matthews et al. 1985) and the Quantitative insulin sensitivity 
check index (QUICKI) (A. Katz et al. 2000). Fasting FFAs provide information 
about insulin sensitivity of lipolysis. A modified version of the QUICKI, the re-
vised QUICKI (Perseghin et al. 2001), combines information from fasting glucose, 
insulin and FFAs and provides the highest correlation with the insulin sensitivity 
measured using the hyperinsulinemic euglycemic clamp among common fasting 
surrogate indices of insulin sensitivity (Otten, Ahren, Olsson 2014). Even though, 
these measures provide a reasonably good estimate of whole-body insulin sensi-
tivity, they only explain approximately 35-50% of the variation in directly meas-
ured whole body insulin sensitivity (Otten, Ahren, Olsson 2014). Thus, it is possi-
ble that the newly recognised metabolite markers for insulin resistance may pro-
vide additional predictive power for estimating insulin sensitivity using fasting 
blood samples. A natural limitation to making use of these measurements is that 
the fasting measurements can provide only a limited estimate of insulin sensitivity 
at postprandial state. 

Oral glucose tolerance test 

The oral glucose tolerance test is the standard test used in the diagnosis of impaired 
glucose tolerance and T2DM (American Diabetes Association 2015; WHO and 
IDF Technical Advisory Group 2006). The OGTT is performed after an overnight 
fast. In OGTT, an oral glucose load is given to the subject, after which plasma 
glucose is measured at predetermined points in time. The usual glucose load is 75 
g and time point 120 min is used to diagnose impaired glucose tolerance T2DM. 
When conducting the OGTT to measure insulin resistance, insulin levels during 
the test need to be measured since pancreatic insulin secretion is a major factor 
affecting the glucose levels. High glucose levels during the test can reflect im-
paired insulin secretion without marked insulin resistance. Additional limitations 
to the accuracy of OGTT measurements to identify insulin resistance are differ-
ences in gastric emptying, intestinal absorption and motility as well as splanchnic 
blood flow (Hücking et al. 2008). Several surrogate insulin sensitivity indices are 
based on the measurements received from the OGTT, such as Matsuda (Matsuda 
and DeFronzo 1999), Stumvoll (Stumvoll et al. 2000), Gutt (Gutt et al. 2000) and 
OGIS indices (Mari et al. 2001). These indices are generally better correlated with 
the insulin sensitivity measurements from the gold standard method of euglyce-
mic-hyperinsulinemic clamp than measurements from fasting state, although the 
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fast and insulin sensitivity is determined by the glucose level at steady state. Usu-
ally steady state is achieved between 150 to180 minutes after the commencement 
of the study. Insulin sensitivity assessed by IST is highly correlated (r > 0.9) with 
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mencement of the glucose infusion (Finegood, Hramiak, Dupre 1990). Another 
solution is to use tolbutamide in order to increase insulin secretion (Beard et al. 
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Fasting surrogate measures of insulin sensitivity 

The simplest way to assess insulin sensitivity is measuring fasting plasma glucose 
and insulin and using surrogate insulin sensitivity indices derived from these meas-
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g and time point 120 min is used to diagnose impaired glucose tolerance T2DM. 
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the test need to be measured since pancreatic insulin secretion is a major factor 
affecting the glucose levels. High glucose levels during the test can reflect im-
paired insulin secretion without marked insulin resistance. Additional limitations 
to the accuracy of OGTT measurements to identify insulin resistance are differ-
ences in gastric emptying, intestinal absorption and motility as well as splanchnic 
blood flow (Hücking et al. 2008). Several surrogate insulin sensitivity indices are 
based on the measurements received from the OGTT, such as Matsuda (Matsuda 
and DeFronzo 1999), Stumvoll (Stumvoll et al. 2000), Gutt (Gutt et al. 2000) and 
OGIS indices (Mari et al. 2001). These indices are generally better correlated with 
the insulin sensitivity measurements from the gold standard method of euglyce-
mic-hyperinsulinemic clamp than measurements from fasting state, although the 
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revised QUICKI (Perseghin et al. 2001) performs equally well (Otten, Ahren, Ols-
son 2014). A new promising insulin sensitivity index is PREDIM, which is based 
on OGIS, BMI and 2 h glucose and fasting insulin. PREDIM has a high association 
with clamp-derived whole-body GU (Tura et al. 2018). 

2.4.2 Measurement of tissue specific insulin sensitivity 

Measurement of tissue glucose uptake and lipolysis 

Arteriovenous catheterisation in glucose uptake and lipolysis measurement 

The arteriovenous difference technique is the oldest method of assessing insulin 
sensitivity at tissue level. This method is based on the concentration difference of 
a metabolite between an artery delivering the tissue of interest and a vena leaving 
from the tissue (Zierler 1961). GU and lipolysis during insulin stimulation can be 
determined based on the difference in the blood level of glucose and glycerol or 
the FFAs between artery and venous blood by using the Fick’s principle when 
blood flow is steady. A common limitation to the arteriovenous catheterisation is 
the difficulty of catheterisation of the right vein(s) since a tissue can be drained 
with multiple veins or alternatively a single vein may drain from multiple tissues. 
In addition, internal organs or the brain are usually not available for measurement 
of metabolism by using arteriovenous difference method in humans due to the in-
vasiveness of the procedure. 

Microdialysis in measurement of tissue glucose uptake and lipolysis 

Microdialysis is a method for assessing biochemical processes inside various tis-
sues. In this method, a catheter with an inner and an outer tube is inserted into the 
tissue of interest. The tissue is then slowly perfused with dialysis fluid through the 
inner tube. The outer tube has a semipermeable membrane, which allows the ana-
lyte of interest, for example glucose or glycerol, to pass through according to a 
concentration gradient with interstitial space (Jansson, Smith, Lönnroth 1990; Lö-
nnroth, Jansson, Smith 1987; Rooyackers et al. 2004). Subsequently, dialysate 
from the outer tube is collected and the analyte of interest is measured. GU and 
lipolysis can be measured using the Fick’s equation when the arterial glucose and 
glycerol level, the regional blood flow and the permeability surface area product 
are known (Jansson et al. 1992; Virtanen et al. 2001). Thus, this method can be 
used to assess insulin sensitivity of GU and lipolysis. Limitations to the microdi-
alysis technique include the inability to measure large molecules or hydrophobic 
molecules such as FFAs, the relatively high cost of the procedure, the limited ac-
cess to organs deeper inside the body and the need for a recovery period to prevent 
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inflammation caused by insertion of the catheter, which may influence findings. In 
addition, one catheter only gives information about a tissue in its close vicinity, 
thus any heterogeneous organs would require multiple catheters to provide a more 
balanced view of tissue metabolism (Rooyackers et al. 2004). 

Positron emission tomography used in measuring tissue specific glucose upake and 
blood flow 

The usability of the arteriovenous difference technique and microdialysis in meas-
uring insulin sensitivity in tissues deep inside the body is limited because of re-
stricted access to these tissues. This limitation can be overcome by imaging tech-
niques such as the positron emission tomography (PET). PET is a highly sensitive 
medical imaging technique that is based on measuring radioactive decay of la-
belled positron emitting compounds injected into humans or animals. A portion of 
gamma rays resulting from annihilation of the emitted positrons go through body 
tissues and are measured with the detector ring of a tomograph and computation-
ally constructed to form three-dimensional images of tracer activity. Labelling glu-
cose with a positron emitting isotope 18F allows the measurement of the localisa-
tion of positron decay and thus GU. Furthermore, combining a positron-emitting 
glucose analogue, the 18F-labelled fluorodeoxyglucose (18F-FDG), with PET and 
the euglycemic-hyperinsulinemic clamp allows the measurement of tissue specific 
insulin-stimulated GU (Nuutila et al. 1992).  

The structure of 18F-FDG is favourable to measuring tissue GU due to its limited 
metabolism. 18F-FDG transported into a cell is either phosphorylated to 18F-fluoro-
deoxyglucose-6-phosphate (18F-FDG6P) or transported back out of the cell. 18F-
FDG6P is not metabolized further to glycogen synthesis (Iozzo et al. 2007a) or 
glycolysis, and its metabolism into the pentose phosphate pathway is slow. Metab-
olites 2-18F-fluoro-2-deoxy-6-phospho-d-gluconolactone (18F-FD6PGL) and 2-
18F-fluoro-2-deoxy-6-phosphogluconate (18F-FD6PG1) may become important 
when study times are longer than 60-90 min. However, like 18F-FDG6P, these me-
tabolites are not transported out of the cell (Bender et al. 2001). The low expression 
glucose-6-phosphatase in tissues other than the liver, the kidneys and the intestine 
(The Human Protein Atlas project 2018; Uhlén et al. 2015) cause the 18F label to 
be effectively trapped into tissues until the positron decay of 18F, which allows 
recording GU over time.  

In addition, liver GU can be reliably measured during the hyperinsulinemic clamp. 
Such reliability is due to two different factors: First, the activation of glucokinase 
and inhibition of glucose-6-phosphatase by insulin cause GU to be much higher 
than glucose release. Second, phosphorylation of glucose just entering the cells 
and the dephosphorylation of G6P derived from gluconeogenesis, glycogen break-
down or cycling back from glycolysis are compartmentalised (Iozzo, Geisler et al. 

31037746_Turun_yliopisto_Vaitoskirja_Miikka_Honka_Laak_tiett_tdk_sisus_19_02_19.indd   42 19.2.2019   12.40.26



42 Review of literature 

revised QUICKI (Perseghin et al. 2001) performs equally well (Otten, Ahren, Ols-
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The arteriovenous difference technique is the oldest method of assessing insulin 
sensitivity at tissue level. This method is based on the concentration difference of 
a metabolite between an artery delivering the tissue of interest and a vena leaving 
from the tissue (Zierler 1961). GU and lipolysis during insulin stimulation can be 
determined based on the difference in the blood level of glucose and glycerol or 
the FFAs between artery and venous blood by using the Fick’s principle when 
blood flow is steady. A common limitation to the arteriovenous catheterisation is 
the difficulty of catheterisation of the right vein(s) since a tissue can be drained 
with multiple veins or alternatively a single vein may drain from multiple tissues. 
In addition, internal organs or the brain are usually not available for measurement 
of metabolism by using arteriovenous difference method in humans due to the in-
vasiveness of the procedure. 

Microdialysis in measurement of tissue glucose uptake and lipolysis 

Microdialysis is a method for assessing biochemical processes inside various tis-
sues. In this method, a catheter with an inner and an outer tube is inserted into the 
tissue of interest. The tissue is then slowly perfused with dialysis fluid through the 
inner tube. The outer tube has a semipermeable membrane, which allows the ana-
lyte of interest, for example glucose or glycerol, to pass through according to a 
concentration gradient with interstitial space (Jansson, Smith, Lönnroth 1990; Lö-
nnroth, Jansson, Smith 1987; Rooyackers et al. 2004). Subsequently, dialysate 
from the outer tube is collected and the analyte of interest is measured. GU and 
lipolysis can be measured using the Fick’s equation when the arterial glucose and 
glycerol level, the regional blood flow and the permeability surface area product 
are known (Jansson et al. 1992; Virtanen et al. 2001). Thus, this method can be 
used to assess insulin sensitivity of GU and lipolysis. Limitations to the microdi-
alysis technique include the inability to measure large molecules or hydrophobic 
molecules such as FFAs, the relatively high cost of the procedure, the limited ac-
cess to organs deeper inside the body and the need for a recovery period to prevent 
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inflammation caused by insertion of the catheter, which may influence findings. In 
addition, one catheter only gives information about a tissue in its close vicinity, 
thus any heterogeneous organs would require multiple catheters to provide a more 
balanced view of tissue metabolism (Rooyackers et al. 2004). 

Positron emission tomography used in measuring tissue specific glucose upake and 
blood flow 

The usability of the arteriovenous difference technique and microdialysis in meas-
uring insulin sensitivity in tissues deep inside the body is limited because of re-
stricted access to these tissues. This limitation can be overcome by imaging tech-
niques such as the positron emission tomography (PET). PET is a highly sensitive 
medical imaging technique that is based on measuring radioactive decay of la-
belled positron emitting compounds injected into humans or animals. A portion of 
gamma rays resulting from annihilation of the emitted positrons go through body 
tissues and are measured with the detector ring of a tomograph and computation-
ally constructed to form three-dimensional images of tracer activity. Labelling glu-
cose with a positron emitting isotope 18F allows the measurement of the localisa-
tion of positron decay and thus GU. Furthermore, combining a positron-emitting 
glucose analogue, the 18F-labelled fluorodeoxyglucose (18F-FDG), with PET and 
the euglycemic-hyperinsulinemic clamp allows the measurement of tissue specific 
insulin-stimulated GU (Nuutila et al. 1992).  

The structure of 18F-FDG is favourable to measuring tissue GU due to its limited 
metabolism. 18F-FDG transported into a cell is either phosphorylated to 18F-fluoro-
deoxyglucose-6-phosphate (18F-FDG6P) or transported back out of the cell. 18F-
FDG6P is not metabolized further to glycogen synthesis (Iozzo et al. 2007a) or 
glycolysis, and its metabolism into the pentose phosphate pathway is slow. Metab-
olites 2-18F-fluoro-2-deoxy-6-phospho-d-gluconolactone (18F-FD6PGL) and 2-
18F-fluoro-2-deoxy-6-phosphogluconate (18F-FD6PG1) may become important 
when study times are longer than 60-90 min. However, like 18F-FDG6P, these me-
tabolites are not transported out of the cell (Bender et al. 2001). The low expression 
glucose-6-phosphatase in tissues other than the liver, the kidneys and the intestine 
(The Human Protein Atlas project 2018; Uhlén et al. 2015) cause the 18F label to 
be effectively trapped into tissues until the positron decay of 18F, which allows 
recording GU over time.  

In addition, liver GU can be reliably measured during the hyperinsulinemic clamp. 
Such reliability is due to two different factors: First, the activation of glucokinase 
and inhibition of glucose-6-phosphatase by insulin cause GU to be much higher 
than glucose release. Second, phosphorylation of glucose just entering the cells 
and the dephosphorylation of G6P derived from gluconeogenesis, glycogen break-
down or cycling back from glycolysis are compartmentalised (Iozzo, Geisler et al. 
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2003; Iozzo et al. 2007a). Similarly, GU in the intestines can be measured with 
PET (H. Honka et al. 2013), although the possible role of intestinal glucose pro-
duction, which could affect GU measurements, is unknown.  

Since 18F-FDG is trapped after phosphorylation, a three-compartment model con-
sisting of blood, intracellular space and phosphorylated state can be used to model 
GU (Phelps et al. 1979) using the following equation: 

𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  
𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝐿𝐿𝐿𝐿 × 

𝐾𝐾1∗  ×  𝑘𝑘3∗
𝑘𝑘2∗ + 𝑘𝑘3∗

                                                                          (2.1) 

Where MRglucose is the metabolic rate of glucose (GU rate), K1* is the rate of tracer 
forward membrane transport, k2

* the rate of backward membrane transport and k3
* 

the rate constant of 18F-FDG’s phosphorylation. Dephosphorylation of 18F-FDG6P 
(k4

*) is assumed to be 0. Cglucose is the plasma glucose average from the 18F-FDG 
injection until end of the PET scan. LC is a lumped constant adjusting for differ-
ences between transfer rates of 18F-FDG and glucose of the tissue which is studied. 
Importantly, measuring MRglucose does not require blood flow measurement, thus 
providing an advantage over the arteriovenous difference and microdialysis tech-
niques, which require information about blood flow.  

Another way to calculate the GU rate is to use a graphical analysis method, the 
Patlak plot (Figure 2.5) (Patlak and Blasberg 1985a) whereby a net transfer rate is 
described using term Ki* which combines K1*, k2* and k3*: 

𝐾𝐾𝑖𝑖∗ =  𝐾𝐾1
∗  ×  𝑘𝑘3∗

𝑘𝑘2∗ + 𝑘𝑘3∗
                                                                                                           (2.2) 

 

𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  
𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝐿𝐿𝐿𝐿 ×  𝐾𝐾𝑖𝑖∗                                                                                       (2.3) 
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Figure 2.5. Patlak plot becomes linear after the tracer concentrations in reversible 
compartments and in plasma are in equilibrium. The slope of plot’s linear phase is 
the net uptake (influx) rate constant Ki. Ki is presented in units of min-1, or (ml 
tissue)/((ml plasma)*min). Note that although the x axis consists of time units (min 
or sec), the values do not represent the PET sample times. © 2013-2018 Turku 
PET Centre, University of Turku. Reproduced with permission under CC BY 4.0 
(Creative Commons 2018b) from (Oikonen 2018a). 

More simple models for measuring GU rates include fractional uptake rate (FUR) 
and standardised uptake value (SUV). FUR is a simple case of the Patlak plot, 
where blood activity measurement is required as well, but only one timepoint 
(static image) is used to measure tissue activity and the effective distribution vol-
ume is assumed to be 0 (Thie 1995). FUR yields an estimate of the tracer net trans-
fer rate, which can be translated to a GU rate by multiplying FUR with the plasma 
glucose average and dividing by a lumped constant. Using FUR leads to some 
overestimation of the true net transfer rate. The bias is over than 20% within the 
first 20 min from the 18F-FDG injection and become less than 5% after 60 min of 
scan time (Oikonen 2018b). Therefore, FUR is an accurate alternative for the 
Patlak plot when only static images are available, and the scanning time is long.  

SUV is a semiquantitative method for assessing tissue GU, which is calculated by 
dividing tissue activity by injected dose and body weight. SUV values are affected 
by several factors which can lead to large errors and hamper the use of SUV for 
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duction, which could affect GU measurements, is unknown.  
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sisting of blood, intracellular space and phosphorylated state can be used to model 
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*) is assumed to be 0. Cglucose is the plasma glucose average from the 18F-FDG 
injection until end of the PET scan. LC is a lumped constant adjusting for differ-
ences between transfer rates of 18F-FDG and glucose of the tissue which is studied. 
Importantly, measuring MRglucose does not require blood flow measurement, thus 
providing an advantage over the arteriovenous difference and microdialysis tech-
niques, which require information about blood flow.  
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More simple models for measuring GU rates include fractional uptake rate (FUR) 
and standardised uptake value (SUV). FUR is a simple case of the Patlak plot, 
where blood activity measurement is required as well, but only one timepoint 
(static image) is used to measure tissue activity and the effective distribution vol-
ume is assumed to be 0 (Thie 1995). FUR yields an estimate of the tracer net trans-
fer rate, which can be translated to a GU rate by multiplying FUR with the plasma 
glucose average and dividing by a lumped constant. Using FUR leads to some 
overestimation of the true net transfer rate. The bias is over than 20% within the 
first 20 min from the 18F-FDG injection and become less than 5% after 60 min of 
scan time (Oikonen 2018b). Therefore, FUR is an accurate alternative for the 
Patlak plot when only static images are available, and the scanning time is long.  

SUV is a semiquantitative method for assessing tissue GU, which is calculated by 
dividing tissue activity by injected dose and body weight. SUV values are affected 
by several factors which can lead to large errors and hamper the use of SUV for 
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measurement of glucose metabolism: 1) body composition and habitus, 2) length 
of uptake period, 3) plasma glucose, 4) recovery coefficient and partial volume 
effects (Keyes 1995). Although these matters can be often addressed by standard-
ising scanning times, correcting for anthropometric features and plasma glucose, 
accuracy of SUV is inferior to the quantitative three-compartment modelling, 
Patlak plot and FUR (Bertoldo, Rizzo, Veronese 2014). Adjusting tissue SUV by 
blood or liver activity as improves accuracy of SUV measurement (Keramida et 
al. 2015; van den Hoff et al. 2013). 

The effects of insulin on blood flow can be measured using positron emitting ox-
ygen-15 labelled water (15O-H2O), which technique provides reliable information 
about tissue perfusion. This is due to the tracer being diffusible and not becoming 
metabolised or trapped. 15O has a short half-life of only 122 seconds, which allows 
multiple measurements in a short period of time. This is a major improvement over 
Xenon-133 (half-life 5.3 days) often used in blood flow measurements (Ru-
otsalainen et al. 1997). 

Limitations to the use of PET for measuring tissue specific GU and blood flow 
include the high cost of tomographs and tracer production as well as the need for 
highly trained personnel. The radiation dose emitted by the tracers limits the re-
peated use of PET especially with 18F-FDG. 

Magnetic resonance spectroscopy (MRS) in measuring tissue metabolism 

MRS can be used to measure tissue glycogen content at baseline and after insulin 
stimulation to assess the effect of insulin on glycogen synthesis. This is done by 
measuring the naturally occurring carbon-13 glycogen spectra. A significant ben-
efit of the described method is that it is completely non-invasive. Limitations in-
clude the use of ferromagnetic metal implants, which prohibits studies on subjects 
with metallic implants because such implants may distort imaging. MRS usually 
has a relatively low sensitivity, which requires long acquisition times. The signal-
to-noise ratio may be improved by using an MR tomograph with higher field 
strength or an improved coil design. In a repeated measurement, similar ROI po-
sitioning is critical (Buehler et al. 2016). Hyperpolarised MRS is an interesting 
emerging improvement over the conventional MRS measurement, and it has great 
potential for the measurement of energy metabolism. In hyperpolarised MRS, the 
compounds labelled with NMR-active nuclei such as (1-13C)lactate or (1-13C)py-
ruvate are hyperpolarised and injected into a human or animal. Hyperpolarisation 
can increase the MR signal-to-noise ratio for detecting these compounds anywhere 
from 10,000 to 100,000-fold, thus allowing a fast measurement of the injected 
compounds’ metabolism (Zaccagna et al. 2018).  
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Tracer methods of EGP measurement 

One commonly used tracer technique to measure EGP is tracer dilution, whereby 
stable isotope-labelled glucose molecules are infused at a constant speed. At fast-
ing state, glucose level, appearance and disappearance are steady, due to which 
EGP is easy to calculate by dividing the tracer infusion rate by the plasma tracer’s 
and glucose concentration’s ratio and subtracting the tracer infusion rate from the 
result after achieving a steady state of tracer in the blood. The equation can also be 
used during the euglycemic-hyperinsulinemic clamp after reaching a steady state. 
However, more complex models are needed for measuring glucose production at 
a non-steady state such as the postprandial state (Radziuk and Pye 2002; Vella and 
Rizza 2009). Stable isotopes 2H and 13C have the benefit of yielding no radioactiv-
ity, which means they can be used in larger study populations and in pregnant or 
lactating women as well as children who need special protection from radioactiv-
ity. They are also safe for the environment. However, these stable isotopes are 
more expensive than their radioactive alternatives, 3H and 14C. The measurement 
of stable isotopes from blood is based on using mass-spectrometry, while radioac-
tivity is measured using a scintillation counter (Choukem and Gautier 2008). EGP 
during the euglycemic-hyperinsulinemic clamp and the 18F-FDG study can be 
measured by subtracting the glucose infusion rate from the glucose disappearance 
rate measured from 18F-FDG clearance which is corrected for activity lost to urine 
(Iozzo et al. 2006). 

2.5 Type 2 diabetes 

Diabetes is diagnosed by measuring either glycated haemoglobin (HbA1C) or fast-
ing plasma glucose, using an oral glucose tolerance test or observing clear hyper-
glycemia. Diagnostic criteria are further described in Table 2.2. 

Table 2.2. Diagnostic criteria for diabetes. Modified from (American Diabetes As-
sociation 2018a) 
HbA1C ≥ 6.5% (48 mmol/mol)* 

Plasma glucose ≥ 7.0 mmol (126 mg/dl) after at least 8 hours fast* 

Plasma glucose ≥ 11.1 mmol/l (200 mg/dl) two hours after taking an oral bolus of 
75g glucose dissolved in water* 
Plasma glucose ≥ 11.1 mmol (200 mg/dl) anytime with combination of classic 
symptoms of hyperglycemia or hyperglycemic crisis 

A diagnosis is based on fulfilling at least one of these criteria. *Unless the hyper-
glycemia is clear, the test should be repeated for confirmation. 
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The condition where fasting glucose is over 5.6 mmol/l or over 6.1 mmol/l but 
under 7.0 mmol/l is called impaired fasting glucose (IFG) and having 2h OGTT 
glucose concentration higher than 7.8 mmol/l but lower than 11.1 mmol/l is called 
impaired glucose tolerance (IGT)(American Diabetes Association 2018a; WHO 
and IDF Technical Advisory Group 2006). Together these conditions are called 
prediabetes, since the persons in these categories have high risk to develop T2DM. 
In addition to the previously mentioned criteria, persons having HbA1C above 
5.7%, but below 6.5% may be diagnosed to have prediabetes (American Diabetes 
Association 2018a). 

Persons eventually developing T2DM typically have insulin resistance with only 
minor changes in blood glucose levels for several years or more than a decade 
before T2DM onset because insulin resistance is compensated by increased insulin 
secretion (Færch et al. 2013; Tabák et al. 2009). Persons in the upper normal range 
of fasting glucose and 2h OGTT glucose show considerable insulin resistance 
(Stančáková et al. 2009). If insulin resistance is given the chance to progress fur-
ther, eventually the insulin secretion capacity of the pancreas cannot fully com-
pensate for the weaker insulin action or will start to decline allowing glycaemic 
control to deteriorate. Compensatory insulin secretion is still demonstrated in per-
sons with IGT, while individuals with T2DM have impaired insulin release 
(Stančáková et al. 2009). 

Although an insufficient inhibition of EGP by insulin is the main cause for in-
creased fasting glucose in T2DM (DeFronzo, Ferrannini, Simonson 1989), glucose 
clearance has also been shown to be lower in obesity and T2DM. This is possibly 
due to a lower expression of the constitutive GLUT1-transporter in skeletal muscle 
(Ciaraldi et al. 2005; Henry et al. 1995; Jani et al. 2008). 

2.6 Cardiovascular disease 

IGT, hypertriglyceridemia and low HDL-cholesterol are characteristics of syn-
drome X, a cluster of coronary artery disease risk factors, which is likely caused 
by insulin resistance (Reaven et al. 1988). Insulin resistance increases the risk of 
incident cardiovascular events in persons without diabetes (Gast et al. 2012). In-
sulin resistance also predicted coronary heart disease, stroke and transient ischemic 
attack in a population-based follow-up study in elderly men (Wiberg et al. 2009; 
Zethelius et al. 2005). Similarly, a Mendelian randomisation study including 11 
loci associated with insulin resistance found evidence of an increased cardiovas-
cular disease risk in subjects with a higher insulin resistance (Ross et al. 2015). It 
is unclear whether insulin resistance is an independent risk factor for cardiovascu-
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lar disease in type 2 diabetes (Laakso 2015). However, a cluster of hyperinsuline-
mia with other risk factors predicts coronary heart disease in men with T2DM 
(Kuusisto et al. 2001).  

Triglyceride-rich lipoprotein remnants are a likely causal link between insulin re-
sistance and cardiovascular disease. These particles contain large amounts of cho-
lesteryl esters and smaller remnant particles can cross the endothelium to advance 
atherosclerosis. In addition to higher production of triglyceride-rich VLDL parti-
cles, slower LPL-dependent removal of remnant particles is typical for the insulin 
resistant state (Taskinen and Borén 2015). Moreover, lipolysis of the large triglyc-
erides-rich VLDL particles results in formation of small dense LDL particles, 
which are associated with increased cardiovascular disease risk (Taskinen and 
Borén 2015). 

2.7 Improving insulin sensitivity 

2.7.1 Lifestyle changes  

Regular exercise is known to improve insulin sensitivity and glycaemic control 
and to reduce the risk of T2DM (Colberg et al. 2010; Way et al. 2016). In fact, 
exercise may be as effective in preventing T2DM as diet or combined exercise and 
diet as shown in the Chinese Da Qing Diabetes Prevention Study (G. Li et al. 
2008). Increased sedentary time is shown to heighten the risk of T2DM regardless 
of physical activity (Biswas et al. 2015; van der Berg et al. 2016). Studies in sed-
entary individuals and patients with T2DM have shown that frequent light activi-
ties, which reduce the amount of sedentary time are superior in improving insulin 
sensitivity compared to less frequently performed energy-matched but more in-
tense structured exercise (Duvivier et al. 2013; Duvivier et al. 2017). Regular ex-
ercise can mitigate the risks conveyed from foetal environment to adulthood 
(Bucci et al. 2016; Eriksson et al. 2004). Moreover, endurance exercise improves 
insulin-stimulated GU and EGP suppression regardless of aging (Lanza et al. 2008) 
and may reverse age-related resistance to anabolic action of insulin by improving 
endothelial function and Akt/mTOR signalling (Fujita et al. 2007). Findings from 
a 12-week combined endurance and resistance training program suggest that mi-
tochondrial function and increased intracellular lipid contribute to enhanced insu-
lin sensitivity (Meex et al. 2010). Furthermore, proteomics analyses have identi-
fied that exercise increases the number of enzymes of the malate-aspartate shuttle, 
which moves NADH to the mitochondria, the amount of mitochondrial electron 
transport and respiratory chain complex 1 assembly as well as the tricarboxylic 
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acid (TCA) cycle. Moreover, exercise increases the number of NADH ubiquinone 
oxidoreductace subunits of complex 1, glutamic-oxaloacetic transaminase 2 and 
ATP synthase β, which are low in obesity and T2DM. Exercise also increases the 
amount of proteins related to oxidative phosphorylation. Interestingly, some pro-
teins related to fatty acid and amino acid metabolism and the TCA cycle are in-
creased in number in both obesity and T2DM as well as after exercise training 
(Srisawat et al. 2017). In addition to an improved mitochondrial function and bio-
genesis, exercise improves muscle GU capacity by an increased GLUT4 expres-
sion (Stanford and Goodyear 2014). Even though the benefits of aerobic exercise 
to insulin sensitivity are clear, there is limited knowledge about any possible ben-
efits of resistance training to insulin sensitivity (Heinonen et al. 2014). 

Diet is an effective tool for improving insulin sensitivity. Different diets targeting 
weight loss are generally equally effective (B. C. Johnston et al. 2014). ADA rec-
ommends an individualised diet with a 500-750 kcal daily energy deficit, exercise 
and behavioural strategies for 6 months to achieve a higher than 5% weight loss in 
overweight and obese patients with T2DM. A short-term very-low-calorie diet 
may be used in selected patients with close medical monitoring. These types of 
interventions should be followed by a comprehensive weight maintenance pro-
gram with a reduced-calorie diet, 200-300 min of weekly physical activity and 
regular counselling and monitoring of body weight (American Diabetes Associa-
tion 2018b). At least 10% weight loss improves whole-body insulin-stimulated 
glucose disposal and suppression of EGP (Viljanen, Lautamäki et al. 2009; 
Viljanen, Iozzo et al. 2009; Vitola et al. 2009). 

A meta-analysis of randomised controlled isocaloric feeding studies has shown 
that replacing carbohydrates or SFAs with polyunsaturated FAs (PUFAs) in diet 
increases insulin sensitivity and insulin secretion capacity. Moreover, substituting 
carbohydrates with monounsaturated FAs (MUFAs) has a positive impact on in-
sulin sensitivity and replacing MUFA with PUFA improves the acute insulin re-
sponse (Imamura et al. 2016). There are several intervention studies showing the 
benefit of increased fibre consumption to insulin sensitivity in healthy volunteers 
(Robertson et al. 2005), overweight or obese subjects (Marinangeli and Jones 
2011; M. A. Pereira et al. 2002; Weickert et al. 2006), subjects with insulin re-
sistance (K. L. Johnston et al. 2010; Robertson et al. 2012) and type 2 diabetes 
(Dainty et al. 2016). Not all interventions have shown a benefit, however (Anders-
son et al. 2007; Bodinham et al. 2014). A meta-analysis of randomised controlled 
trials evaluating the effects of whole grain intake versus the intake of refined prod-
ucts did not yield evidence for any benefits of whole grain intake to insulin re-
sistance in medium/long-term trials, although postprandial glycaemic and insulin 
response are better controlled by consuming whole grain products in acute studies 
(Marventano et al. 2017). Similarly, a meta-analysis evaluating total fibre intake 
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and higher vs. lower whole grain intake did not confirm the benefit of higher fibre 
or whole-grain intake, although both showed a tendency for reduction in insulin 
resistance (Reynolds et al. 2019). This may be due to low number of participants 
with measurements of insulin sensitivity, because higher fibre and whole grain in-
takes showed robust reductions in bodyweight, T2DM indidence as well as cardi-
ovascular disease incidence and mortality in larger numbers of participants. Re-
sistant starch is fermented into SCFAs by microbes in the colon, which possibly 
contributes to the benefits of fibre intake (Canfora, Jocken, Blaak 2015). An ex-
ample of the benefits of fibre intake and SCFAs is a recent study where enrichment 
of SCFA producing bacteria by dietary fiber caused a reduction HbA1c levels 
among persons with T2DM (L. Zhao et al. 2018). 

Quitting smoking improves insulin sensitivity (Eliasson et al. 1997). However, 
measures to prevent weight-gain should be applied when quitting smoking, since 
the commonly occurring weight-gain after smoking cessation increases the risk of 
T2DM (Hu et al. 2018). 

2.7.2 Medications 

Metformin is the first-line drug therapy for T2DM. Its main function is to suppress 
EGP. Metformin has been used as a therapy for T2DM for several decades, even 
though its mechanisms of affecting EGP are still uncovering. While there are prob-
ably several mechanisms whereby metformin affects EGP, a likely mechanism im-
proving hepatic insulin sensitivity is the inhibition of acetyl-CoA carboxylase 1 by 
AMPK-mediated phosphorylation. Acetyl-CoA carboxylase 1 catalyses conver-
sion of acetyl-CoA to malonyl-CoA, which is a substrate for FA synthesis and 
inhibits CPT1-mediated FA transport to mitochondria for oxidation. Blocking this 
phosphorylation of acetyl-CoA carboxylase 1 leads to hepatic fat accumulation 
and insulin resistance (Fullerton et al. 2013; Rena, Hardie, Pearson 2017). In ad-
dition to the liver, the intestine is an important target for the insulin sensitizing 
effects of metformin. Studies in humans and rodents have shown that metformin 
treatment increases insulin-stimulated GU from the blood circulation into the small 
intestine and the colon, an effect which is localised to the enterocytes of the mu-
cosal layer (Koffert et al. 2017). This effect is likely mediated via AMPK (Mas-
sollo et al. 2013). Moreover, metformin has been shown to improve glucose ho-
meostasis by causing alterations in gut microbiota, decreasing amounts of Bac-
teroides fragilis, increasing concentration of the bile acid glycourodeoxycholic 
acid and inhibition of intestinal farnesoid receptor X signalling (Sun et al. 2018; 
H. Wu et al. 2017). 
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Thiazolidinediones are a class of drugs that improve insulin sensitivity by activat-
ing the nuclear receptor PPARγ. PPARγ is a key regulator for expression of genes 
controlling adipogenesis as well as glucose and lipid metabolism. Alternative 
splicing of the PPARG mRNA results in two proteins PPARγ1 and -2, of which 
PPARγ1 is ubiquitously expressed while the latter is normally mostly expressed in 
adipose tissue (Fajas et al. 1997). PPARγ agonism has an insulin-sensitizing effect 
on multiple tissues. PPARγ-agonist, rosiglitazone, improves insulin-stimulated 
skeletal muscle GU both at rest and during exercise in T2DM patients (Hällsten et 
al. 2002; Karlsson et al. 2005). In addition, rosiglitazone enhances the insulin-
stimulated uptake into visceral and subcutaneous adipose tissue, the liver and the 
myocardium (Hällsten et al. 2004; Iozzo, Hällsten et al. 2003b; Lautamäki et al. 
2005; Viljanen et al. 2005; Virtanen et al. 2003). Altogether, three different thia-
zolidinediones have been on the market: troglitazone, rosiglitazone and pioglita-
zone. Troglitazone was withdrawn due to toxic effects on the liver (Gale 2001), 
whereas the use of rosiglitazone is limited due to cardiovascular risks, especially 
heart failure (Graham et al. 2010; Loke, Kwok, Singh 2011; Mannucci et al. 2010; 
Nissen and Wolski 2007). Pioglitazone is still on the market, as it does not increase 
all-cause mortality (Mannucci E. et al. 2008) and is protective against major car-
diovascular events (Liao et al. 2017), atherosclerosis (Nissen et al. 2008) and 
stroke (M. Lee et al. 2017). Both rosiglitazone and pioglitazone are associated with 
an increased fracture risk, heart failure, oedema and weight gain (Aubert et al. 
2010; Liao et al. 2017; Mannucci et al. 2010; T. Yang and Soodvilai 2008). In 
addition, a novel PPARγ agonist, lobeglitazone, has been recently released on the 
market in South Korea. Lobeglitazone has shown a similar performance in improv-
ing glycemia as pioglitazone with a much lower treatment dose in phase III trials 
(Jin et al. 2015). The lower required dose is due to favourable structural properties, 
which allow better interaction with PPARγ (Jang et al. 2018). Lobeglitazone has 
resulted in reduced insulin resistance and liver fat along with improved lipid pro-
files in T2DM patients in early trials (Kim et al. 2014; Y. H. Lee et al. 2017). 

GLP-1 analogues likely do not directly improve insulin sensitivity (Vella et al. 
2000), although they have a direct anti-inflammatory effect which may lead to im-
proved insulin sensitivity (Rakipovski et al. 2018; Y. Wang et al. 2014). In addi-
tion, GLP-1 analogues may improve insulin sensitivity indirectly by weight loss 
and visceral fat reduction (F. Zhang et al. 2015) as well as resolved hyperglycae-
mia or reduced adipose tissue lipolysis (Zander et al. 2002). Sodium/glucose co-
transporter 2 (SGLT2) inhibitors have shown improvement in whole-body insulin 
sensitivity in some studies (Merovci et al. 2014; Mudaliar et al. 2014). Since 
SGLT2 is not expressed in skeletal muscle (J. Chen et al. 2010), it is likely that the 
observed insulin sensitising effects are due to resolved hyperglycaemia and hyper-
insulinemia or weight loss. 
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2.7.3 Bariatric surgery 

Bariatric surgery (also called metabolic surgery) is the most effective way to treat 
morbid obesity and diabetes (Ribaric, Buchwald, McGlennon 2014) and improves 
insulin sensitivity in the short term as well as the long term (Rao, Yanagisawa, 
Kini 2012). Bariatric surgery enhances skeletal muscle, adipose tissue and liver 
insulin sensitivity to GU (Dadson et al. 2016; Immonen et al. 2014; Mäkinen et al. 
2015) and normalises the increased insulin-stimulated brain GU (Tuulari et al. 
2013). According to a meta-analysis the decrease in BMI five years or more after 
a bariatric surgery is 10-15 kg/m2 (Golzarand, Toolabi, Farid 2017). Studies with 
an average follow-up time of 17 months after surgery have shown a T2DM remis-
sion rate of approximately 60% (Ribaric, Buchwald, McGlennon 2014). The effect 
of bariatric surgery diminishes over time (Peterli et al. 2018; Salminen et al. 2018; 
Sjöström et al. 2014), but surgery-treated patients have still much higher diabetes 
remission rates and less cardiovascular complications at least 5 years after surgery 
when compared to those who received treatment without surgery (Sheng et al. 
2017). Bariatric surgery is the recommended treatment option for obesity and 
T2DM for persons with BMI ≥ 40 kg/m2 and is recommended also for individuals 
with BMI in the range of 35.0-39.9 kg/m2 when a lifestyle change and optimal 
medical therapy are ineffective to reduce hyperglycemia. In addition, bariatric sur-
gery should be considered for persons with BMI 30.0-34.9 kg/m2 when hypergly-
cemia cannot be controlled with a lifestyle change and optimal medical therapy 
(American Diabetes Association 2018b). 
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3 AIMS OF THE STUDY 

I. To study effects of the p.Pro12Ala polymorphism of the PPARG gene on 
liver and skeletal muscle insulin sensitivity (Study I) 

II. To measure how insulin sensitivity in the liver, skeletal muscle and adipose 
tissue associate with each other (Study II) 

III. To study the associations between serum metabolites and skeletal muscle 
insulin sensitivity and to use metabolomic measures to develop inexpensive 
surrogate models for skeletal muscle and whole-body metabolism (Study 
III) 

IV. To evaluate the effects of resistance training on liver and adipose tissue in-
sulin sensitivity among elderly women (Study IV) 
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4 MATERIALS AND METHODS 

4.1 Study subjects (I-IV) 

The study subjects in Studies I, II, III and IV comprised participants of the CMgene 
study (NCT03310502; 499 individual participants), in which associations were in-
vestigated between tissue metabolism, genetic background, adipose tissue deposi-
tion and circulating metabolites in a cross-sectional cohort of individuals with a 
wide range of body fat mass, age and insulin sensitivity. The subjects were partic-
ipants of an independent PET metabolic study project and were subsequently re-
cruited to the CMgene study, at which point they gave a separate signed informed 
consent. The overview of the study population is presented in Table 4.1. Figure 
4.1 shows the number of cases overlapping between the different studies. 

Table 4.1. Baseline characteristics of the subjects 

Study Group N M/F Age 

(years) 

BMI 

(kg/m2) 

Fasting glucose 
(mmol/l) 

Fasting insulin 
(mU/l) 

I ND 68 45/23 35 [28-47] 26 [23-30] 5.3 [5.1-5.6] 5 [4-8] 

I T2DM 105 73/32 61 [55-67] 30 [27-32] 7.5 [6.4-8.9] 7 [5-9] 

II ND 326 217/111 42 [29-59] 26 [23-30] 5.5 [5.2-5.9] 7 [5-11] 

III NFG 122 88/34 45 [38-54] 26 [23-32] 5.2 [5.0-5.4] 6 [4-8] 

III IR 182 94/88 61 [52-69] 29 [26-32] 6.2 [5.8-7.1] 8 [6-13] 

IV CTR 9 0/9 71 [69-75] 27 [25-31] 6.0 [5.9-6.6] 8 [7-14] 

IV Frail 35 0/35 72 [69-74] 27 [24-30] 5.8 [5.4-6.4] 8 [6-12] 

CTR: control, IR: insulin resistant, ND: no diabetes, NFG: normal fasting glucose, 
T2DM: type 2 diabetes; M: men, F: women. Data represented as median [inter-
quartile range]. 
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Figure 4.1. Number of subjects overlapping between each study. Total number of 
subjects in study I: 173, II: 326, III: 277, IV: 46. 

The subjects from the CMgene study cohort consisted of individuals who had par-
ticipated in PET metabolic studies at Turku PET Centre (Turku, Finland) between 
1990 and 2017. The study protocol was approved by the Ethics Committee of the 
Hospital District of South-West Finland. The CMgene study has been registered 
on ClinicalTrials.gov (NCT03310502). 

Study I included 173 volunteers (68 nondiabetic subjects and 105 subjects with 
type 2 diabetes) studied between 1990 and 2007. The subjects’ T2DM diagnosis 
was confirmed according to the World Health Organization criteria (Alberti and 
Zimmet 1998). Out of the 105 subjects with T2DM, 46 were receiving metformin, 
sulfonylurea, or both at the time of study. None of the subjects with T2DM were 
having insulin or thiazolidinedione treatment. The subjects were divided into two 
groups, nonobese and obese, using a BMI cutoff point of 27 kg/m2 as in our previ-
ous study (Vänttinen et al. 2005). This cutoff point was used because there was a 
statistically significant interaction with the effect the p.Pro12Ala polymorphism of 
the PPARG gene and this BMI threshold on skeletal muscle (Vänttinen et al. 2005) 
and liver GU. 

Study II included 326 nondiabetic volunteers who had their insulin-stimulated 
skeletal muscle, adipose tissue or liver GU measured between 1990 and 2017.  

 Materials and methods 57 

Study III included 277 volunteers, who had participated in PET research studies 
between 2002 and 2017. The population was divided into subjects with 1) normal 
fasting glucose (NFG) and 2) insulin resistance (IR; persons with IFG or T2DM). 
IFG and T2DM diagnoses were confirmed by using the American Diabetes Asso-
ciation criteria (American Diabetes Association 2015). The oral glucose tolerance 
test (OGTT) was not available for all participants, hence it was not used to diag-
nose prediabetes in this study.  

The subjects in Study IV (Developmental ORIgins of Healthy and Unhealthy Age-
iNg, DORIAN; NCT01931540) were recruited from the Helsinki Birth Cohort 
Study (HBCS), which is a longitudinal cohort study of subjects born in Helsinki 
(Finland) between 1934 and 1944 (Eriksson et al. 2014). Forty-six elderly women 
were recruited. Thirty-five subjects, who were characterised as frail using a hand 
grip strength test, participated in the resistance exercise intervention, and nine 
women with normal strength served as controls and did not participate in the in-
tervention. Two additional frail participants, of whom no postintervention data ex-
isted, were used in baseline comparisons. The inclusion criteria for the whole study 
population were having an age between 68 and 78 years and for participants with 
low muscle strength: 1) having grip strength that is in the lower half of HBCS, 2) 
having either a lean/normal-weight (BMI ≤ 26.3 kg/m2, lower half of BMI) or an 
overweight/obese (BMI ≥ 28.1 kg/m2, highest quartile of BMI) mother at the time 
of birth. Inclusion criteria for the control group were having grip strength in the 
upper half of HBCS and having a lean/normal-weight mother. Six of the partici-
pants had oral diabetes medication and 16 had statin medication. The study proto-
col was approved by the Ethics Committee of the Hospital District of Southwest 
Finland. The study was conducted according the principles of Declaration of Hel-
sinki and all participants gave their signed informed consent for the study. 

4.2 Study principles and designs 

CMgene cohort 

Studies I-III used subjects from the CMgene cohort. Subjects in this cohort were 
recruited from participants of independent PET metabolic study projects which 
evaluated insulin-stimulated skeletal muscle, adipose tissue and liver GU, insulin-
mediated suppression of EGP, body adiposity and ectopic fat accumulation. Meas-
urements were performed similarly in all the studies as described later in the Meth-
ods section, thus allowing combining data from different studies. Although many 
of the included studies had an interventional design, only measurements from the 
baseline were included, resulting in a cross-sectional design. In addition, a whole 
blood sample was collected from the participants. 
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Study I 

In Study I, whole blood samples were used to determine carriers of the p.Pro12Ala 
polymorphism of the PPARG gene. This study was aimed to investigate the hy-
pothesis that the p.Pro12Ala polymorphism of the PPARG gene improves liver 
insulin sensitivity in both healthy subjects and T2DM patients and skeletal muscle 
insulin sensitivity among T2DM patients. This hypothesis was based on earlier 
findings that had shown the p.Pro12Ala polymorphism to be protective against 
T2DM and to improve peripheral insulin sensitivity in nondiabetic subjects 
(Tönjes et al. 2006; Vänttinen et al. 2005).  

There were only 9 persons homozygous for the Ala12 allele, therefore persons 
carrying one or two Ala2 alleles were combined into one group and compared to 
the carriers of the p.Pro12Pro genotype. Liver, skeletal muscle and adipose tissue 
GUs were measured for each participant when possible. 

Study II 

In Study II, data of liver, skeletal muscle and adipose tissue GUs and EGP among 
nondiabetic individuals in the CMgene database were used to determine how in-
sulin sensitivity associates between the different tissues simultaneously in single 
individuals. The hypothesis in this study was that the insulin sensitivity of GU in 
these tissues are correlated as insulin sensitivity in skeletal muscle (stimulation of 
whole-body GU), adipose tissue (suppression of lipolysis) and the liver (suppres-
sion of glucose production) had shown consistent patterns when comparing lean 
and obese individuals or studying associations with liver fat content (Conte et al. 
2012; Korenblat et al. 2008). In addition, reference values for tissue-specific insu-
lin resistance were determined. 

Study III 

Study III aimed to develop prediction models for whole-body and skeletal muscle 
GU by using metabolomics and common clinical measurements. This was based 
on the hypothesis that lipoprotein subclass lipids, amino acids and other metabo-
lomic measures would improve prediction of insulin sensitivity when added to the 
traditional fasting insulin, glucose and FA measurements as many of these metab-
olomic measurements had been associated with measures of insulin sensitivity and 
T2DM risk in other studies (Festa et al. 2005; Fizelova et al. 2015; Guasch-Ferre 
et al. 2016; Hodge et al. 2009; Mackey et al. 2015; Mora et al. 2010).  

Study III included subjects whose insulin-stimulated skeletal muscle or whole-
body GU had been measured and who had given a serum sample for metabolomic 
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profiling. NFG participants were used to create training prediction models for skel-
etal muscle and whole-body GU using metabolomic and common clinical meas-
urements and persons with insulin resistance were used to test the prediction mod-
els. 

Study IV 

Study IV focused on investigating the hypothesis that resistance training improves 
liver and adipose tissue insulin sensitivity among elderly women and reverses the 
possible harmful effects of maternal obesity on tissue-specific insulin sensitivity. 
These hypotheses were based on findings from earlier studies that had shown im-
provement in insulin-stimulated GU and EGP suppression regardless of aging with 
endurance exercise (Lanza et al. 2008) and mitigation of risks conveyed from foe-
tal environment to adulthood with regular exercise (Bucci et al. 2016; Eriksson et 
al. 2004).  

PET-CT (PET with computed tomography), magnetic resonance imaging (MRI) 
and MRS studies were conducted twice in the frail group; before and after the four-
months exercise intervention in the frail group, and once in the non-frail control 
group (Figure 4.2). The second PET and magnetic resonance measurements were 
performed approximately 2-3 days after the last exercise training session.  

 

Figure 4.2. Design of the Dorian study (IV). OLM: offspring of lean/normal-
weight mothers, OOM: offspring of overweight/obese mothers. 
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Study IV focused on investigating the hypothesis that resistance training improves 
liver and adipose tissue insulin sensitivity among elderly women and reverses the 
possible harmful effects of maternal obesity on tissue-specific insulin sensitivity. 
These hypotheses were based on findings from earlier studies that had shown im-
provement in insulin-stimulated GU and EGP suppression regardless of aging with 
endurance exercise (Lanza et al. 2008) and mitigation of risks conveyed from foe-
tal environment to adulthood with regular exercise (Bucci et al. 2016; Eriksson et 
al. 2004).  

PET-CT (PET with computed tomography), magnetic resonance imaging (MRI) 
and MRS studies were conducted twice in the frail group; before and after the four-
months exercise intervention in the frail group, and once in the non-frail control 
group (Figure 4.2). The second PET and magnetic resonance measurements were 
performed approximately 2-3 days after the last exercise training session.  

 

Figure 4.2. Design of the Dorian study (IV). OLM: offspring of lean/normal-
weight mothers, OOM: offspring of overweight/obese mothers. 
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4.3 Methods 

4.3.1 PET-studies (I-IV) 

The PET studies were conducted following a 10-hour fast. The clamp protocol 
started at approx. 11:10 (range 8:40-15:45). The use of alcohol and caffeine were 
prohibited for a period of 12 hours before the study and subjects were instructed 
to avoid heavy physical exercise in the preceding 24 hours. The PET studies were 
conducted during an euglycemic-hyperinsulinemic clamp with subjects resting in 
a supine position. Infusions of insulin, glucose and 18F-FDG were given using a 
cannula inserted into an antecubital vein. Blood samples were collected from the 
opposite side radial artery or the antecubital vein warmed with a heating pillow. In 
the clamp study, plasma glucose was maintained at 5 mmol/l by infusing insulin 
at the rate of 40 mU/body surface m2/min (after a 7 min priming) and 20% glucose 
when needed. Whole-body GU rates were measured after achieving a steady 
plasma glucose level (in average from 60 min onwards). The M-value was calcu-
lated by using three 20 min time intervals. 

4.3.2 Exercise intervention in elderly women (IV) 

The subjects participated in a four-months individualised circuit-type training pro-
gram three times a week under the supervision of a physiotherapist (Wasenius et 
al. 2018). The exercise program consisted of eight different exercises aimed train-
ing different large muscle groups in the upper and lower body (leg press, chest 
press, seated row, abdominal crunch, back extension, seated leg extension, seated 
leg curl and hip abduction). Three sets of 8 to 15 repetitions were executed at me-
dium intensity. Medium intensity was defined as being 50-80% of estimated one-
repetition maximum (Epley 1985). Progress in muscle strength was measured once 
per month, and training loads were updated accordingly. 

4.3.3 Skeletal muscle, liver and adipose tissue glucose uptake measurement 
(I-IV) 

A computer-controlled device was used to synthesise 18F-FDG using a modified 
method of Hamacher et al. (Hamacher, Coenen, Stocklin 1986). The studies were 
done by using several PET-scanners: ECAT 931/08 (Siemens Molecular Imaging, 
Inc., Knoxville, TN), GE Advance, PET/CT Discovery VCT and PET/CT Discov-
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ery 690 (General Electric Medical Systems, Milwaukee, WI). In order to get con-
sistent results, the PET-scanners were cross calibrated against the same VDC-404 
Dose calibrator (COMECER Netherlands, Joure, the Netherlands). Obtained data 
were all corrected for decay, photon attenuation and dead time. The images were 
reconstructed by using median root prior with iterations and a Bayesian coefficient 
0.3 whenever possible (Alenius and Ruotsalainen 1997). Tissue 18F-FDG activity 
was measured by drawing ROIs to the quadriceps femoris muscle, the right lobe 
of the liver and abdominal subcutaneous adipose tissue. MRI and CT images were 
used as references whenever available. Tissue fractional phosphorylation rates (Ki) 
of the tracer were calculated by using the Patlak-plot of plasma and tissue time-
activity curves (Gjedde 1982; Patlak and Blasberg 1985b). The tissue GUs were 
then calculated by multiplying Ki by the average plasma glucose concentration 
during the period between the point of injection of 18F-FDG and the end of the PET 
scan of each tissue and dividing the result by tissue density and a lumped constant. 
A lumped constant value of 1.0 for the liver, 1.2 for skeletal muscle, and 1.14 for 
adipose tissue was used, as previously described (Iozzo et al. 2007b; D. E. Kelley 
et al. 1999; Peltoniemi et al. 2000; Virtanen et al. 2001). Fifty-seven subjects in 
Study I performed intermittent isometric exercise with one leg during the scan; but 
only the measurements of the noncontracting, that is, control, leg were used to 
determine skeletal muscle GU. 

EGP measurement (II-III) 

EGP was calculated by subtracting the exogenous glucose infusion rate from the 
rate of disappearance of glucose during the euglycemic hyperinsulinemic clamp: 

EGP =  R𝑑𝑑 + V𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 × 
∆glucose
∆T

− GIR                                                                    4.1 

Where Rd is the rate of disappearance and GIR is the glucose infusion rate. GIR is 
corrected by a space correction (Defronzo, Tobin, Andres 1979) where Vglucose is 
the estimated glucose distribution volume (0.19 l/kg), Δglucose is the change in glu-
cose from 18F-FDG injection to the end of sampling (mmol/l), and ΔT is the time 
of 18F-FDG injection to the end of sampling (min). 

Glucose disappearance rate (Rd) was calculated using 18F-FDG clearance corrected 
by tracer lost to urine (Iozzo et al. 2006): 

R𝑑𝑑  = doseFDG −  urineFDG
AUCFDG

∗ avgglucose                                                                    4.2 

Where doseFDG is the activity of the injected 18F-FDG, urineFDG is 18F-FDG secreted 
to urine from the tracer injection until voiding bladder at the end of the study, 
AUCFDG is the area under the curve representing 18F-FDG from the tracer injection 
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to infinity and avgglucose is the average glycemia during the interval between the 
time of 18F-FDG injection and the end of sampling. 

4.3.4 Liver fat measurement (IV) 

Liver fat was measured by means of MRS using a 1.5T MR imager (Gyroscan 
Intera CV Nova Dual, Philips Medical Systems, Best, the Netherlands) with a flex-
ible surface and body coils. The LCModel software package (http://s-pro-
vencher.com/lcmodel.shtml) was used to measure proton MR spectra (28). A pre-
viously described fat index (FI1) (Borra et al. 2009) based on liver or whole-body 
MR images was used to determine liver fat content in cases where both before- 
and after-intervention liver MRS measurements were not available. In each liver 
image, the median FI1 of the pixels was used. A linear, least-squares fit between 
FI1 and liver fat content measured using MRS was performed. This was done in 
all cases where both MR images and spectroscopic measurements were available 
for the same subject. The fitting was done separately for the data from the whole-
body scans and the data from dedicated liver scans. The coefficient of determina-
tion was r2 = 0.884 for the whole-body scans and r2 = 0.929 for the liver scans. 
Liver fat content values were used in the following order of preference if both 
baseline and after-intervention values were available: MRS (n = 35) > liver MRI 
(n = 4) > whole-body MRI (n = 9). 

4.3.5 Measurement of visceral adipose tissue volume (IV) 

In Study IV, a visceral adipose tissue volume was computed semiautomatically. 
For the purposes of the study, the abdominal region was defined to extend from 
the top of the diaphragm to the waist. The automated segmentations were per-
formed in four steps: 1) whole-body in-phase T1-weighted images were corrected 
for intensity inhomogeneity using the simultaneous correction method (Vovk, Per-
nus, Likar 2006); 2) Otsu's method (Otsu 1979) with two thresholds was used to 
classify the pixels in the area as representing either adipose tissue, nonadipose tis-
sue or background; 3) arms were removed using simple morphological operations 
and the removal of small objects in axial 2D slices; and 4) the inside lean tissue 
method was used to separate subcutaneous tissue from other adipose tissue as de-
scribed below. Pixels that had been incorrectly classified as representing adipose 
tissue were manually removed. Finally, adipose tissue volumes were converted to 
masses using a density of 0.916 kg/l. 
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The inside lean tissue (ILT) method 

The ILT method has been developed and evaluated using CT data (Kullberg et al. 
2017). However, in Study IV, the ILT method was adapted for analysing MRI data. 
For validation, manual reference segmentations of volumes containing VAT and 
SAT without other adipose tissue were performed in three slices near the umbilicus 
in five subjects. The volume of fat in these volumes was then calculated using 
thresholding. Linear regression between these volumes and the volumes deter-
mined using the ILT method was performed, giving r the values 0.9993 for VAT 
and 0.9995 for SAT. The volumes calculated using the ILT method were on aver-
age 2.40% greater for VAT and 0.32% greater for SAT when compared to the 
results from the manual segmentations. 

4.3.6 Biochemical measurements (I-IV) 

Fasting plasma glucose were measured with an automatised enzymatic assay 
(Roche Diagnostics GmbH, Mannheim, Germany). Insulin was measured using a 
double antibody radioimmunoassay (Phadeseph Insulin RIA kit, Pharmacia & 
Upjohn, Uppsala, Sweden), fluoroimmunometric assay (AutoDELFIA, Perki-
nElmer Inc., Turku, Finland) or automatised electro-chemiluminescence immuno-
assay (Cobas 8000, Roche Diagnostics GmbH, Mannheim, Germany). Plasma glu-
cose measurements for the clamp were done in duplicate using the glucose oxidase 
method (Analox GM7 or GM9, Analox Instruments, London, UK). FFAs were 
measured with an automatised enzymatic assay (NEFA-HR2, ACS-ACOD, Wako 
Chemicals GmbH, Neuss, Germany; Cobas 8000, Roche Diagnostics GmbH, 
Mannheim, Germany).  

4.3.7 Metabolomic measurements (III) 

Metabolic biomarkers were quantified from the serum of 277 individuals at a fast-
ing state using high-throughput proton NMR metabolomics (Nightingale Health 
Ltd, Helsinki, Finland; University of Eastern Finland, Kuopio, Finland). This 
method provides simultaneous quantification of routine lipids, fatty acid composi-
tion and various low-molecular metabolites including amino acids, ketone bodies 
and gluconeogenesis-related metabolites in molar concentration units as well as a 
lipoprotein subclass profiling with lipid concentrations within 14 subclasses. The 
14 lipoprotein subclass sizes were defined as follows: extremely large VLDL with 
particle diameters from 75 nm upwards and a possible contribution of chylomi-
crons, five VLDL subclasses (average particle diameters of 64.0 nm, 53.6 nm, 44.5 
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nm, 36.8 nm, and 31.3 nm), IDL (28.6 nm), three LDL subclasses (25.5 nm, 23.0 
nm, and 18.7 nm) and four HDL subclasses (14.3 nm, 12.1 nm, 10.9 nm, and 8.7 
nm). The following components of the lipoprotein subclasses were quantified: 
phospholipids, triglycerides, cholesterol, free cholesterol and cholesteryl esters. 
The mean sizes of VLDL, LDL and HDL particles were calculated by weighting 
the corresponding subclass diameters with their particle concentrations. Details of 
the experimentation and applications of the NMR metabolomics platform have 
been discussed previously (Inouye et al. 2010; Soininen et al. 2009; Soininen et al. 
2015). 

4.3.8 Statistical methods (I-IV) 

The effects of the exercise intervention were tested using a paired t-test. Differ-
ences between independent groups were tested using either the t-test or ANOVA. 
ANCOVA was used to adjust for any possible effects of covariates (e.g. diabetes 
medication or statin use). Logarithmic or square root transformation was used to 
convert right-tailed distributions to normal. In cases where normal distribution was 
not attainable, the Mann-Whitney U-test was applied to compare independent 
groups and the Wilcoxon Signed rank test was used for paired comparisons. Asso-
ciations between study variables were tested using the either the Pearson or the 
Spearman correlation tests. P-values ≤ 0.05 were considered statistically signifi-
cant. Results are expressed as a mean [standard deviation (SD)] value for normally 
distributed variables or a median [interquartile range (IQR)] value for non-nor-
mally distributed variables. 

Statistical methods in the study II 

In Study II, the Principal component analysis (PCA) was used to assess the asso-
ciations between tissue glucose uptake rates. A variable was included in a PCA 
only if it had significant bivariate correlations with all the other variables used in 
the analysis. Eigenvalue 1.0 was used as a threshold value in PCA (Kaiser 1960). 
Receiver-operating characteristics (ROC) curve analysis was used to find cutoffs 
to identify insulin sensitive and insulin resistant individuals based on tissue-spe-
cific insulin-stimulated GUs and EGP. An earlier study has identified 28 µmol/kg 
fat-free mass/min (Stern et al. 2005) as the optimal cutoff point for determining 
whole-body insulin resistance. A body fat measurement was not available for all 
the subjects taking part in Study II and therefore ROC analysis was used to recog-
nise a corresponding value expressed per kg body weight. 21 µmol/kg body 
weight/min produced 92% sensitivity and 99% specificity for determining whole-
body insulin resistance and was used as a reference for the insulin resistant state in 
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the above analyses. The area under the ROC curve (AUC) of over 0.7 was consid-
ered acceptable for discrimination (Hosmer and Lemeshow 2000) and the Youden 
index which gives equal weight to sensitivity and specificity was applied to deter-
mine the optimal cutoff values (Greiner, Pfeiffer, Smith 2000). 

Statistical methods in the Study III 

Three regression models were constructed in order to predict GU of the skeletal 
muscle, M-value and liver fat percentage. These models are called Muscle-ISI, 
WB-ISI and Liver-FI, respectively. The regression models were built using a linear 
model with lasso regularisation (Tibshirani 1996). All the models were trained us-
ing subjects with normal fasting glucose (NFG). Independent insulin resistant sub-
jects (IR) were used for testing. 

Features of the final models were selected using the following nested cross-vali-
dation. For each of the three models, the feature ranking was determined by creat-
ing 100 models using a ten-fold cross-validation and defining the frequency of 
each feature of the models. Features with a frequency higher than 75% and ranking 
higher than 11 were selected to be included in the final model. 

The models were tested with the independent testing data which were not used for 
model building. The models Muscle-ISI, WB-ISI, HOMA-IR and revised QUICKI 
were evaluated with the Spearman correlations by comparing the estimated values 
with the measured values. HOMA-IR was calculated as being equal to fasting 
plasma glucose (mmol/l) * fasting serum insulin (mU/l) / 22.5 (D. R. Matthews et 
al. 1985) and revised QUICKI as equal to 1/(log plasma glucose (mmol/l) + log 
serum insulin (mU/l) + log serum free fatty acids (mmol/l)) (Perseghin et al. 2001).  

Receiver-operating characteristic (ROC) analysis was used to determine the opti-
mal cutoffs for Muscle-ISI, WB-ISI, HOMA-IR and revised QUICKI for diagnos-
ing skeletal muscle or whole-body insulin resistance as well as comparing the dis-
crimination performance of these indices. Cutoff points 33 µmol/kg tissue/min for 
skeletal muscle GU and 21 µmol/kg body weight/min for M-value in Study II were 
used to determine insulin resistance. The Youden index, which gives equal weight 
to sensitivity and specificity, was used to determine the cutoff points in NFG sub-
jects (Greiner, Pfeiffer, Smith 2000). The performance of the different cutoff 
points was subsequently tested in the IR group using McNemar’s test. 

Associations between circulating metabolites and whole-body and skeletal muscle 
insulin-stimulated GU were tested using the Spearman correlations. The mathe-
matical modelling and the statistical analysis were done using an R statistical com-
puting environment (version 3.4) (R Core Team 2017). The R package glmnet 
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ered acceptable for discrimination (Hosmer and Lemeshow 2000) and the Youden 
index which gives equal weight to sensitivity and specificity was applied to deter-
mine the optimal cutoff values (Greiner, Pfeiffer, Smith 2000). 
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(Friedman, Hastie, Tibshirani 2010) was applied for the linear and logistic regres-
sion models with lasso regularisation. Heatmaps were created with the gplots pack-
age (Warnes et al. 2016), correlation coefficients were compared using the WRS 
package (Wilcox 2011) and AUCs in the ROC analysis were compared using the 
pROC package (Robin et al. 2011).

 

 Materials and methods 67 

5 RESULTS 

5.1 Effects of the p.Pro12Ala polymorphism of the PPARG gene on 
liver and skeletal muscle insulin sensitivity (I) 

There was a significant interaction between BMI and the effects of the p.Pro12Ala 
polymorphism on liver GU. Therefore, the populations were divided into nonobese 
and obese according to the determined cutoff point (BMI < 27 kg/m2 and BMI 
≥27.0 kg/m2, respectively; P = 0.01 for interaction with this cutoff point). 

Carriers of the p.Pro12Pro genotype had 28% lower liver GU compared to the 
Ala12 allele carriers in obese subjects with T2DM (Figure 5.1A). A similar, alt-
hough non-significant, trend of 22% difference was observed in obese nondiabetic 
subjects (Figure 5.1B). There were no differences in liver GU among nonobese 
subjects irrespective of having T2DM. 

Skeletal muscle, subcutaneous adipose tissue or whole-body GU did not differ be-
tween carriers of the Ala12 allele and p.Pro12Pro genotype among subjects with 
T2DM (Figure 5.2). 

Glucose and insulin levels during the euglycemic hyperinsulinemic clamp were 
5.1 ± 0.4 mmol/l and 63 ± 14 mU/l, respectively. There were no differences in FFA 
levels between the genotype groups in obese subjects with or without T2DM after 
correcting for confounding factors. 
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Figure 5.1. The effect of the 
p.Pro12Ala polymorphism of 
PPARG2 on the rates of hepatic GU 
in nonobese (n=23) and obese (n=72) 
diabetic (A) and nonobese (n=38) and 
obese (n=30) nondiabetic (B) subjects 
(analysis of covariance; adjusted for 
sex, age, the use of oral antidiabetic 
drugs, and one leg isometric exercise 
(yes/no) during the clamp in diabetic 
subjects, and adjusted for sex, age, 
and one leg isometric exercise 
(yes/no) during the clamp in nondi-
abetic subjects). White bars indicate 
the p.Pro12Pro genotype carriers; 
striped bars indicate carriers of the 
Ala12 allele. Values are means ± SD. 

 

Figure 5.2. The effect of the 
p.Pro12Ala polymorphism of 
PPARG2 on the rates of whole-body 
(n=27 and n=78 for the nonobese and 
obese subjects, respectively) (A), 
skeletal muscle (n=25 and n= 74) (B), 
and subcutaneous adipose tissue 
(n=26 and n=74) (C) GU in nonobese 
and obese diabetic subjects (analysis 
of covariance; adjusted for sex, age, 
the use of oral antidiabetic drug treat-
ment, and one leg isometric exercise 
(yes/no) during the clamp). White 
bars indicate the p.Pro12Pro geno-
type carriers; striped bars indicate 
carriers of the Ala12 allele. Values 
are means ± SD. 
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5.2 Association of insulin sensitivity across skeletal muscle, the liver 
and adipose tissue among nondiabetic subjects (II) 

Insulin-stimulated GU by skeletal muscle, liver and abdominal subcutaneous fat, 
as well as the M-value, correlated significantly with each other in subjects with no 
diabetes (Figure 5.3). Furthermore, EGP correlated with the M-value as well as 
skeletal muscle and adipose tissue GU (Figure 5.4). 

In addition, BMI correlated significantly with all the examined tissue GUs (skele-
tal muscle: r = -0.583, P < 0.001; liver: r = -0.173, P = 0.009: abdominal subcuta-
nous fat: r = -0.364, P < 0.001). Correlation testing showed that there are differ-
ences between genders in associations of tissue GUs.  
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Figure 5.3. Correlation between whole-body glucose uptake (GU) and skeletal 
muscle GU (A), whole-body GU and subcutaneous adipose tissue GU (B) and 
whole-body GU and liver GU (C); correlation between skeletal muscle GU and 
subcutaneous adipose tissue GU (D) and skeletal muscle and liver GU (E); and 
correlation between subcutaneous adipose tissue GU and liver GU (F). GU values 
are derived from log10 transformed variables. Black regression line: men; grey 
regression line: women. Reproduced with permission from (M. J. Honka et al. 
2018). 
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Figure 5.4. Correlation between EGP and whole-body glucose uptake (GU) (A), 
endogenous glucose production and skeletal muscle GU (B), EGP and subcutane-
ous adipose tissue GU (C) and EGP and liver GU (D). GU values are derived from 
log10 transformed variables. Black regression line: men; grey regression line: 
women. Reproduced with permission from (M. J. Honka et al. 2018). 

Table 5.1. Principal component analysis. Loadings in men and women indicate the 
contribution of each variable to the principal components (PC1, PC2, PC3). Mod-
ified with permission from (M. J. Honka et al. 2018). 

Model 1 Men  Women  All   

GU(μmol/kg 
tissue/min) 

PC1  PC2  PC1   PC2   PC1   PC2   PC3 

Age (years) -0.205 0.895 -0.006 0.952 0.095 0.693 - 

BMI 
(kg/m2) 

-0.857 0.023 -0.724 -0.489 -0.829 0.108 - 

Gender  - - - - -0.033 0.822 - 

31037746_Turun_yliopisto_Vaitoskirja_Miikka_Honka_Laak_tiett_tdk_sisus_19_02_19.indd   70 19.2.2019   12.40.31



70 Results  

 

Figure 5.3. Correlation between whole-body glucose uptake (GU) and skeletal 
muscle GU (A), whole-body GU and subcutaneous adipose tissue GU (B) and 
whole-body GU and liver GU (C); correlation between skeletal muscle GU and 
subcutaneous adipose tissue GU (D) and skeletal muscle and liver GU (E); and 
correlation between subcutaneous adipose tissue GU and liver GU (F). GU values 
are derived from log10 transformed variables. Black regression line: men; grey 
regression line: women. Reproduced with permission from (M. J. Honka et al. 
2018). 

 Results 71 

 

Figure 5.4. Correlation between EGP and whole-body glucose uptake (GU) (A), 
endogenous glucose production and skeletal muscle GU (B), EGP and subcutane-
ous adipose tissue GU (C) and EGP and liver GU (D). GU values are derived from 
log10 transformed variables. Black regression line: men; grey regression line: 
women. Reproduced with permission from (M. J. Honka et al. 2018). 

Table 5.1. Principal component analysis. Loadings in men and women indicate the 
contribution of each variable to the principal components (PC1, PC2, PC3). Mod-
ified with permission from (M. J. Honka et al. 2018). 

Model 1 Men  Women  All   

GU(μmol/kg 
tissue/min) 

PC1  PC2  PC1   PC2   PC1   PC2   PC3 

Age (years) -0.205 0.895 -0.006 0.952 0.095 0.693 - 

BMI 
(kg/m2) 

-0.857 0.023 -0.724 -0.489 -0.829 0.108 - 

Gender  - - - - -0.033 0.822 - 

31037746_Turun_yliopisto_Vaitoskirja_Miikka_Honka_Laak_tiett_tdk_sisus_19_02_19.indd   71 19.2.2019   12.40.32



72 Results  

Skeletal 
muscle GU 

0.833 -0.091 0.850 0.126 0.830 0.015 - 

Subcutane-
ous adipose 
tissue GU 

0.585 0.617 0.841 -0.206 0.703 0.240 - 

Variance ex-
plained 

45% 30% 49% 30% 38% 25% - 

Model 2        

Age (years) -0.206 0.864 -0.039 0.881 -0.047 0.887 0.070 

BMI 
(kg/m2) 

-0.828 -0.057 -0.700 -0.442 -0.744 -0.278 0.292 

Gender   - - - - 0.061 0.076 0.959 

Skeletal 
muscle GU 

0.837 -0.051 0.844 0.162 0.848 0.039 0.047 

Subcuta-
noeus adi-
pose tissue 
GU  

0.458 0.662 0.846 -0.130 0.724 0.065 0.233 

Liver GU  0.513 0.423 0.193 0.768 0.322 0.684 0.011 

Variance ex-
plained 

38% 27% 39% 32% 32% 22% 18% 

 

A separate PCA was performed in order to study the association of EGP with skel-
etal muscle GU and adipose tissue GU (Table 5.2). Again, muscle GU and adipose 
tissue GU had high loadings on PC1 in both sexes, whereas EGP had a high nega-
tive loading in women and no association in men. PC2 showed a positive effect of 
age on EGP. 
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Table 5.2. Principal component analysis. Loadings in men and women indicate the 
contribution of each variable to the principal components (PC1, PC2, PC3).  Liver 
GU was replaced by endogenous glucose production (EGP). Modified with per-
mission from (M. J. Honka et al. 2018). 

Model 1 Men  Women  All   

GU/EGP 
(μmol/kg 
tissue/min) 

PC1  PC2  PC1   PC2   PC1   PC2   PC3   

Age (years) -0.206 0.741 0.079 0.909 0.241 -0.131 0.884 

Body mass 
index 
(kg/m2) 

-0.901 -0.117 -0.541 -0.774 -0.855 0.157 -0.232 

Gender        -      -      -      - -0.156 0.667 0.602 

Skeletal 
muscle GU 

0.816 -0.314 0.783 0.294 0.804 0.341 -0.127 

Subcutane-
ous adipose 
tissue GU 

0.562 0.644 0.765 0.147 0.703 -0.079 0.119 

EGP 0.024 0.719 -0.684 0.547 -0.056 -0.886 0.159 

Variance 
explained 

37% 32% 39% 37% 33% 23% 21% 

 

ROC analysis yielded optimal cutoff points for identifying the insulin resistant 
state for muscle, abdominal subcutaneous adipose tissue and EGP in both sexes 
and visceral adipose tissue GU among women (Figure 5.5), whereas in the case of 
liver GU in both sexes and visceral adipose tissue GU in men, discrimination be-
tween insulin resistant and insulin sensitive individuals was poor. 
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Figure 5.5. Whole-body (M value), muscle, subcutaneous adipose tissue (SAT), 
intraperitoneal adipose tissue (VAT) and liver glucose uptake and endogenous glu-
cose production (EGP) between insulin sensitive (IS) and insulin resistant (IR) 
men and women. Dashed lines represent the optimal cutoff values between insulin 
resistant and insulin sensitive individuals. ***P < 0.001, *P < 0.05. Reproduced 
with permission from (M. J. Honka et al. 2018). 
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5.3 Predicting insulin sensitivity using serum NMR metabolomic 
measures (III) 

The regression model of skeletal muscle GU (Muscle-ISI, model described in Ta-
ble 5.4) correlated better to the actual GU measurement than HOMA-IR or revised 
QUICKI when studied using the whole dataset (Figure 5.6). However, the differ-
ence between Muscle-ISI and revised QUICKI was non-significant in the NFG 
group when the population was divided into NFG and IR groups (Table 5.3). The 
regression model whole-body GU (WB-ISI, Table 5.6) correlated better to the ac-
tual GU measurement than HOMA-IR or revised QUICKI when studied using the 
whole dataset (Figure 5.6), and a similar trend was observed when the study pop-
ulation was again divided into NFG and IR groups (Table 5.5).  

Table 5.3. Spearman correlation between measured and predicted skeletal muscle 
GU values and P-values for comparisons of correlation coefficients between dif-
ferent indices. ***P < 0.001; **P < 0.01; *P < 0.05. 

 Spearman correlation P-value P-value 

  Muscle-
ISI 

HOMA-IR revQUICKI Muscle-ISI 
vs. HOMA-
IR 

Muscle-ISI 
vs. 
revQUICKI 

NFG 0.58 *** -0.3 ** 0.39 *** 0.040 0.140 

IR 0.68 *** -0.47 *** 0.49 *** 0.017 0.010 

 Table 5.4. Coefficients in the final (Muscle-ISI) linear regression model of Skel-
etal muscle GU prediction. An estimate of Skeletal muscle GU is calculated as the 
sum of each row where the row values are obtained by multiplying the value of the 
variable by the coefficient. All metabolite and biochemical measurements were 
taken from fasting samples. LG10, logarithm to base 10. 

Feature Coefficient  
Muscle-ISI 

Intercept -211 

Insulin (mU/l) -1.45 

LG10 phospholipids in medium-sized VLDL (% of total lipids) 254 

Free fatty acids (mmol/l) -19.5 

Triglycerides in small HDL (mmol/l) -287 

LG10 Glycine (mmol/l) 38.5 
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Figure 5.5. Whole-body (M value), muscle, subcutaneous adipose tissue (SAT), 
intraperitoneal adipose tissue (VAT) and liver glucose uptake and endogenous glu-
cose production (EGP) between insulin sensitive (IS) and insulin resistant (IR) 
men and women. Dashed lines represent the optimal cutoff values between insulin 
resistant and insulin sensitive individuals. ***P < 0.001, *P < 0.05. Reproduced 
with permission from (M. J. Honka et al. 2018). 

 Results 75 

5.3 Predicting insulin sensitivity using serum NMR metabolomic 
measures (III) 

The regression model of skeletal muscle GU (Muscle-ISI, model described in Ta-
ble 5.4) correlated better to the actual GU measurement than HOMA-IR or revised 
QUICKI when studied using the whole dataset (Figure 5.6). However, the differ-
ence between Muscle-ISI and revised QUICKI was non-significant in the NFG 
group when the population was divided into NFG and IR groups (Table 5.3). The 
regression model whole-body GU (WB-ISI, Table 5.6) correlated better to the ac-
tual GU measurement than HOMA-IR or revised QUICKI when studied using the 
whole dataset (Figure 5.6), and a similar trend was observed when the study pop-
ulation was again divided into NFG and IR groups (Table 5.5).  

Table 5.3. Spearman correlation between measured and predicted skeletal muscle 
GU values and P-values for comparisons of correlation coefficients between dif-
ferent indices. ***P < 0.001; **P < 0.01; *P < 0.05. 

 Spearman correlation P-value P-value 

  Muscle-
ISI 

HOMA-IR revQUICKI Muscle-ISI 
vs. HOMA-
IR 

Muscle-ISI 
vs. 
revQUICKI 

NFG 0.58 *** -0.3 ** 0.39 *** 0.040 0.140 

IR 0.68 *** -0.47 *** 0.49 *** 0.017 0.010 

 Table 5.4. Coefficients in the final (Muscle-ISI) linear regression model of Skel-
etal muscle GU prediction. An estimate of Skeletal muscle GU is calculated as the 
sum of each row where the row values are obtained by multiplying the value of the 
variable by the coefficient. All metabolite and biochemical measurements were 
taken from fasting samples. LG10, logarithm to base 10. 

Feature Coefficient  
Muscle-ISI 

Intercept -211 

Insulin (mU/l) -1.45 

LG10 phospholipids in medium-sized VLDL (% of total lipids) 254 

Free fatty acids (mmol/l) -19.5 

Triglycerides in small HDL (mmol/l) -287 

LG10 Glycine (mmol/l) 38.5 

31037746_Turun_yliopisto_Vaitoskirja_Miikka_Honka_Laak_tiett_tdk_sisus_19_02_19.indd   75 19.2.2019   12.40.33



76 Results  

BMI (kg/m2) -0.59 

LG10 Serum triglycerides (mmol/l) -4.72 

Triglycerides in large VLDL (mmol/l) -6.46 

Triglycerides in medium-sized HDL (% of total lipids) -0.0831 

Table 5.5. Spearman correlation between measured and predicted M-value values 
and P-values for comparisons of correlation coefficients between different indices. 
***P < 0.001; **P < 0.01; *P < 0.05. 

 Spearman correlation P-value P-value 

  WB-ISI HOMA-IR revQUICKI WB-ISI vs. 
HOMA-IR 

WB-ISI vs. 
revQUICKI 

NFG 0.75 *** -0.49 *** 0.60 *** <0.001 0.080 

IR 0.70 *** -0.58 *** 0.59 *** 0.073 0.087 

Table 5.6. Coefficients in the final (WB-ISI) linear regression model of M-value 
prediction. An estimate of M-value is calculated as the sum of each row where the 
row values are obtained by multiplying the value of the variable by the coefficient. 
All metabolite and biochemical measurements were taken from fasting samples. 

Feature  
WB-ISI 

Intercept 73 

LG10 HOMA-IR -17.1 

Free fatty acids (mmol/l) -13.1 

LG10 acetoacetate (mmol/l) -10.8 

LG10 acetate (mmol/l) 25.7 

BMI (kg/m2) -0.305 

Triglycerides in medium-sized HDL (% of total lipids) -1.01 

LG10 Omega-3 fatty acids (mmol/l) -12.2 

Triglycerides in large VLDL (mmol/l) -11 

Triglycerides in medium HDL (mmol/l) -79.8 
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Figure 5.6. Correlations between skeletal muscle GU and Muscle-ISI (a), skeletal 
muscle GU and HOMA-IR (b) and skeletal muscle GU and revised QUICKI (c) 
and correlations between whole-body GU and WB-ISI (d), whole-body GU and 
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BMI (kg/m2) -0.59 

LG10 Serum triglycerides (mmol/l) -4.72 

Triglycerides in large VLDL (mmol/l) -6.46 

Triglycerides in medium-sized HDL (% of total lipids) -0.0831 

Table 5.5. Spearman correlation between measured and predicted M-value values 
and P-values for comparisons of correlation coefficients between different indices. 
***P < 0.001; **P < 0.01; *P < 0.05. 

 Spearman correlation P-value P-value 

  WB-ISI HOMA-IR revQUICKI WB-ISI vs. 
HOMA-IR 

WB-ISI vs. 
revQUICKI 

NFG 0.75 *** -0.49 *** 0.60 *** <0.001 0.080 

IR 0.70 *** -0.58 *** 0.59 *** 0.073 0.087 

Table 5.6. Coefficients in the final (WB-ISI) linear regression model of M-value 
prediction. An estimate of M-value is calculated as the sum of each row where the 
row values are obtained by multiplying the value of the variable by the coefficient. 
All metabolite and biochemical measurements were taken from fasting samples. 

Feature  
WB-ISI 

Intercept 73 

LG10 HOMA-IR -17.1 

Free fatty acids (mmol/l) -13.1 

LG10 acetoacetate (mmol/l) -10.8 

LG10 acetate (mmol/l) 25.7 

BMI (kg/m2) -0.305 

Triglycerides in medium-sized HDL (% of total lipids) -1.01 

LG10 Omega-3 fatty acids (mmol/l) -12.2 

Triglycerides in large VLDL (mmol/l) -11 

Triglycerides in medium HDL (mmol/l) -79.8 
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Based on ROC analysis using the NFG group, the optimal cutoffs for detecting 
whole-body insulin resistance were 29 for WB-ISI, 1.68 for HOMA-IR and 0.74 
for revised QUICKI. Using these cutoffs, WB-ISI had 84% sensitivity and 77% 
specificity, HOMA-IR had 74% sensitivity and 81% specificity and revised 
QUICKI had 74% sensitivity and 84% specificity in detecting whole-body insulin 
resistance. There appeared no differences between the tests in sensitivity or speci-
ficity. When testing among IR subjects, the cutoff of 29 for WB-ISI yielded 93% 
sensitivity and 62% specificity in detecting whole-body insulin resistance, 1.68 for 
HOMA-IR gave 84% sensitivity and 53% specificity and 0.74 for revised QUICKI 
produced 87% sensitivity and 56% specificity. WB-ISI had a higher sensitivity 
than HOMA-IR (P = 0.013) and tended to have a higher sensitivity than revised 
QUICKI (P = 0.065). 

When comparing AUCs from ROC analysis using IR subjects, Muscle-ISI and 
WB-ISI were superior to HOMA-IR (P = 0.005 and P = 0.001, respectively) and 
revised QUICKI (P = 0.026 and 0.004) for discriminating between insulin resistant 
subjects and insulin sensitive subjects (5.7). 

 

Figure 5.7. (A) ROC curve comparing sensitivity and specificity of Muscle-ISI 
(blue line), HOMA-IR (brown line) and revised QUICKI (yellow line) in deter-
mining skeletal muscle insulin resistance. AUC for Muscle-ISI: 0.83, HOMA-IR: 
0.73 and revised QUICKI: 0.78 and (B) ROC curve comparing sensitivity and 
specificity of WB-ISI (black line), HOMA-IR (brown line) and revised QUICKI 
(yellow line) in determining whole-body insulin resistance. AUC for WB-ISI: 
0.87, HOMA-IR: 0.76 and revised QUICKI: 0.80.  
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Correlations between insulin sensitivity and 
metabolites 

Correlation testing using the whole popula-
tion showed positive correlations between in-
sulin sensitivity and glycine and glutamine, 
whereas alanine, isoleucine, leucine, valine, 
phenylalanine and tyrosine had a negative as-
sociation with insulin sensitivity (Figure 5.9). 
Metabolites related to glycolysis were nega-
tively associated with insulin sensitivity. 
Mono- and omega-3 fatty acid concentration 
was associated with insulin resistance, 
whereas linoleic acid, omega-6 fatty acids 
and total polyunsaturated fatty acids were 
positively associated with insulin sensitivity.  

 

 

 

Figure 5.8. Heatmap showing how skeletal 
muscle GU and M-value correlate with me-
tabolites. FAs = Fatty acids. ****P < 0.0001; 
***P < 0.001; **P < 0.01; *P < 0.05.  
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Correlations between insulin sensitivity with lipoprotein subclass measures 

Triglycerides were negatively associated with insulin sensitivity across all the 
studied lipoprotein subclasses, with the exception of triglycerides within large and 
very large HDL (Figures 5.9 and 5.10). The opposite finding regarding HDL can 
be explained by an increased concentration of large and very large HDL with in-
creased insulin sensitivity, because fraction of triglycerides to total lipid content in 
these particles had negative association with insulin sensitivity (Figure 5.10C). In 
contrast to large HDL particle concentration, concentration of small HDL particles 
was negatively associated with insulin sensitivity. The evaluation of small HDL 
lipids showed that phospholipid fractions, free cholesterol fractions and triglycer-
ide fractions of the total lipid contents were inversely associated with insulin sen-
sitivity, whereas total cholesterol fractions and cholesteryl ester fractions had an 
opposite pattern. 

All lipids in VLDL subclasses were negatively associated with insulin sensitivity. 
The associations were the strongest among the larger subclasses (Figure 5.9A). 
Further examination of the VLDL subclass lipid fractions revealed that the free 
cholesterol fractions and phospholipid fractions of the total lipid contents were 
associated with insulin resistance in the larger subclasses, but had an opposite pat-
tern in the smaller VLDL (5.10A). 

LDL and IDL subclass lipids did not show any associations with insulin sensitivity, 
apart from the triglycerides (Figure 5.9B), although phospholipid fractions of total 
lipid contents in medium and small LDL were negatively associated with insulin 
sensitivity similarly to the triglyceride fraction (Figure 5.10B). 
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Figure 5.9. Heatmaps showing how skeletal muscle GU and M-value correlate 
with VLDL (A), IDL and LDL (B) and HDL (C) subclass lipids (i.e. absolute con-
centrations). P = particles; L = lipids; PL = phospholipids; C = total cholesterol, 
CE = cholesteryl esters; FC = free cholesterol; TG = triglycerides. ****P < 0.0001; 
***P < 0.001; **P < 0.01; *P < 0.05. 
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Figure 5.9. Heatmaps showing how skeletal muscle GU and M-value correlate 
with VLDL (A), IDL and LDL (B) and HDL (C) subclass lipids (i.e. absolute con-
centrations). P = particles; L = lipids; PL = phospholipids; C = total cholesterol, 
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Figure 5.10. Heatmaps showing how skeletal muscle GU and M-value correlate 
with VLDL (A), IDL and LDL (B) and HDL (C) lipid subclass fractions (i.e. rela-
tive concetrations) . PL = phospholipids; C = total cholesterol, CE = cholesteryl 
esters; FC = free cholesterol; TG = triglycerides. ****P < 0.0001; ***P < 0.001; 
**P < 0.01; *P < 0.05.
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5.4 Effects of resistance training on insulin sensitivity and ectopic 
fat deposition in elderly women (IV)  

Previous data from this study showed that the resistance training intervention 
yielded considerable improvements on muscle strength and resulted in increased 
muscle mass (Bucci et al. 2016; Wasenius et al. 2018). Muscle strength based on 
different resistance exercises increased 35-75% (Wasenius et al. 2018). There were 
no differences between the offspring of lean/normal-weight mothers (OLM) and 
the offspring of obese mothers (OOM) in the improvement of resistance exercise 
results or increase in muscle mass (Bucci et al. 2016; Wasenius et al. 2018). OOM 
had worse insulin-stimulated skeletal muscle GU compared to OLM in the begin-
ning of the study, which associated with shorter telomeres. However, the exercise 
intervention reversed these disadvantages so that, in the end, there were no differ-
ences in skeletal muscle insulin sensitivity. The improvement in muscle insulin 
sensitivity was higher among those with shorter telomeres at baseline (Bucci et al. 
2016). 

This study showed that insulin suppression of EGP was more effective after the 
resistance training intervention in the whole group of elderly women. When OLM 
and OOM groups were studied separately, there was a trend towards decreased 
EGP after the intervention among OOM, whereas the decrease was non-significant 
among OLM (Figure 5.11). 

Figure 5.11. Endogenous glu-
cose production (EGP) during 
clamp among controls (CTR) 
and frail participants before and 
after the resistance training in-
tervention (INTR). Frail sub-
jects are further divided into the 
offspring of lean/normal-weight 
mothers (OLM) and the off-
spring of obese mothers 
(OOM). White bars represent 
preintervention and black bars 
represent postintervention. The 
middle, bottom and top edges of 
the boxes represent medians 

with the first and third quartiles. Notches are calculated as 1.58 × interquartile 
range/square root (n) (95% confidence interval for the median). If notches do not 
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Figure 5.10. Heatmaps showing how skeletal muscle GU and M-value correlate 
with VLDL (A), IDL and LDL (B) and HDL (C) lipid subclass fractions (i.e. rela-
tive concetrations) . PL = phospholipids; C = total cholesterol, CE = cholesteryl 
esters; FC = free cholesterol; TG = triglycerides. ****P < 0.0001; ***P < 0.001; 
**P < 0.01; *P < 0.05.
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overlap, there is evidence of a difference between medians. The error bars extend 
to the furthest case from the box inside the 1.5 interquartile range. Values outside 
the error bars are presented as dots. *P = 0.042 and #P = 0.060 for change after the 
intervention. Reproduced with permission from (M. J. Honka et al. 2016). 

There was a significant correlation between EGP and the previously reported skel-
etal muscle and whole-body insulin sensitivity (Bucci et al. 2016) (r = -0.457, P = 
0.001 and r = -0.578, P = 2.76E-5, respectively). An improvement in EGP after the 
intervention was observed among those participants who had lower suppression of 
EGP at baseline (higher EGP than median) but not in subjects with higher suppres-
sion of EGP at baseline (-5.6 [7.1] vs. 0.1 [5.4] µmol/body kg/min, P = 0.015; 
Figure 5.12). 

  

Figure 5.12. Endogenous glucose production (EGP) during clamp in the frail par-
ticipants with low (low IR) and high (high IR) hepatic insulin resistance before the 
resistance training intervention. White bars represent preintervention and black 
bars represent postintervention. *P = 0.015 for change after the intervention. Re-
produced with permission from (M. J. Honka et al. 2016). 

Before the intervention, mesenteric fat GU, the antilipolytic effect of insulin and 
visceral adipose tissue mass did not differ between non-frail and frail offspring of 
lean/normal-weight or overweight/obese mothers. Neither mesenteric fat GU, an-
tilipolytic effect of insulin nor visceral adipose tissue mass was changed during the 
resistance training intervention. Change in EGP was negatively correlated with 
change in telomere length after the resistance training intervention (r = -0.620, P = 
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0.001), meaning that improvement in EGP was associated with telomere elonga-
tion (Figure 5.14). Participants with telomere elongation improved their EGP sup-
pression, whereas subjects with telomere shortening did not (-5.2 (5.8) vs 1.6 (4.3) 
µmol/kg body weight/min, P = 0.002). In addition, the subjects with telomere elon-
gation tended to show improvement in visceral fat mass (-0.21 (0.36) vs. 0.02 
(0.30) kg, P = 0.079). 

 

Figure 5.13. Association between the change in EGP and the change in telomere 
length after the resistance training intervention. Black triangles represent frail off-
spring of lean/normal-weight mothers and white circles represent frail offspring of 
overweight/obese mothers. The curves indicate a 95% confidence interval for the 
mean. Subjects with a full suppression of EGP before the intervention (EGP ≤ 0 
μmol·kg body weight−1·min−1; n = 3) are not included in the graph (outliers). 
Spearman ρ = −0.596, P = 0.001 without the removal of outliers. Reproduced with 
permission from (M. J. Honka et al. 2016). 
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6 DISCUSSION 

This thesis work focused on several key areas in insulin resistance research men-
tioned in the Review of Literature. Effects of various risk factors such as obesity, 
sex, aging and genetic and epigenetic predisposition on whole-body and tissue-
specific insulin sensitivity were evaluated, and a resistance exercise intervention 
was performed to study its possible benefits on some of these risk factors. In addi-
tion, insulin sensitivity was measured directly in this work and new indirect insulin 
sensitivity indices were developed based on the direct measurements. Thus, this 
thesis work gave the author a well-rounded introduction to different aspects of the 
study of insulin resistance.  

Before beginning of this thesis work, only a low number of variants affecting 
T2DM risk had been identified and understanding of their potential effects tissue-
specific metabolism remained scarce. This thesis work shed light to this area by 
studying effects of p.Pro12Ala polymorphism of the PPARγ2 gene on tissue-spe-
cific insulin sensitivity (I). This variant is important since it is now known to be 
one of the relatively few common variants affecting insulin sensitivity (Table 2.1).  

The second work was focused on studying insulin sensitivity simultaneously 
across multiple tissues (II). While this kind of research had been previously done 
focusing on skeletal muscle GU and suppression of EGP and lipolysis, associations 
between skeletal muscle, adipose tissue and liver GU and possible effects of age, 
sex and BMI had not been comprehensively evaluated in a single session in a large, 
heterogeneous cohort of people (Chapter 2.2.5). In addition, threshold values for 
determining tissue-specific insulin resistance were provided, which may be useful 
when trying to identify insulin resistant persons in future research.  

At the moment fasting surrogate insulin sensitivity measures which are based on 
insulin, glucose and FFAs are widely used in large studies but provide only limited 
accuracy (Chapter 2.4.1). However, at same time, serum metabolomics is breaking 
through as a cost-effective tool to screen blood samples with variety of lipoprotein 
subclasses, lipids, amino acids and other small metabolites many of which has been 
associated with insulin resistance. The third study showed that serum metabolomic 
measurements can be used to improve identification of insulin resistance from fast-
ing blood samples (III). This result is important since the best results for reversing 
insulin resistance and preventing T2DM are achieved when intervening early and 
that persons with high T2DM risk are correctly identified for intervention 
(Tuomilehto and Schwarz 2016).  
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The fourth study focused on studying the effects of resistance training intervention 
in a high-risk cohort of frail, elderly women half of whom had been born to over-
weight or obese mothers (IV). Resistance training has been often overlooked as a 
way of exercise to improve insulin sensitivity. However, this study provided evi-
dence that in addition to improving muscle strength, resistance training improves 
insulin sensitivity and may even help to reverse epigenetic predisposition carried 
for decades after gestation.  

Overall, the separate substudies succesfully answered the aims determined before-
hand albeit some caveats on the findings still exist.  

6.1 p.Pro12Ala polymorphism of the PPARγ2 gene affects insulin-
stimulated liver glucose uptake in obesity (I) 

The study showed that insulin-stimulated liver GU was higher among obese carri-
ers of the Ala12 allele than the p.Pro12Pro genotype in subjects with T2DM. A 
similar trend was observed among obese nondiabetic subjects. However, these dif-
ferences were not present among nonobese subjects, and thus the effect is modified 
by BMI. In addition, there were no differences in skeletal muscle, subcutaneous 
adipose tissue and whole-body GU or FFA levels during insulin stimulation be-
tween the genotype groups. 

Using the CMgene cohort, it had been previously shown that insulin-stimulated 
skeletal muscle GU was higher among lean/normal-weight nondiabetic subjects 
carrying the p.Pro12Ala polymorphism of the PPARG gene than the common 
p.Pro12Pro genotype, but this difference was not present in obese subjects (Vä-
nttinen et al. 2005). The p.Pro12Ala polymorphism has already been known to be 
protective against T2DM and to improve peripheral insulin sensitivity in nondi-
abetic subjects (Tönjes et al. 2006; Vänttinen et al. 2005), but its effect on insulin 
sensitivity in liver GU as well as its effects on T2DM patients was still unknown. 
The present work was done to extend the above-mentioned previous results by 
studying the possible effects of p.Pro12Ala polymorphism of the PPARG gene on 
liver, skeletal muscle, subcutaneous adipose tissue and whole-body GU in subjects 
with T2DM and liver GU in nondiabetic subjects.  

Similarly to the previous study (Vänttinen et al. 2005), obese and nonobese sub-
jects were studied separately using 27 kg/m2 as a cutoff BMI value since there was 
a statistical interaction between this BMI threshold and the effect of p.Pro12Ala 
polymorphism on insulin sensitivity. This finding suggests that the effect of 
p.Pro12Ala is modified according to level of obesity determined by this threshold. 
Because there were no differences in skeletal muscle GU between the genotype 
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6 DISCUSSION 
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groups among subjects with T2DM, the previously found insulin-sensitizing effect 
of the Ala12 allele on skeletal muscle GU is either lost or masked in T2DM.  

The finding of higher hepatic GU among the obese Ala12 allele carriers suggests 
that these subjects would benefit from this variant, which would lead to better gly-
cemic control after a meal due to the liver’s ability to take up 45% of an oral glu-
cose load (Shrayyef and Gerich 2010). The hypothesis for better glycemic control 
after a meal among Ala12 allele carriers is supported by the finding that Ala12 
carriers have better insulin suppression of EGP than individuals with the 
p.Pro12Pro genotype (Muller et al. 2003). Higher hepatic insulin sensitivity, along 
with the previously reported higher skeletal muscle GU (Vänttinen et al. 2005), 
may contribute to a reduced risk of T2DM in carriers of the Ala12 allele (Gouda 
et al. 2010).  

Elevation of circulating FFAs impairs liver GU during hyperinsulinemia (Iozzo et 
al. 2004). In contrast with a previous study (Tschritter et al. 2003), which showed 
lower FFA levels during hyperinsulinemia among Ala12 carriers, no differences 
between the genotype groups in FFA levels were observed. Thus, it seems unlikely 
that the found difference between the Ala12 carriers and the p.Pro12Pro genetype 
in liver GU would be due to a difference adipose tissue lipolysis. However, it 
should be noted that circulating FFAs do not necessarily reflect hepatic FFA flux 
(Viljanen, Iozzo et al. 2009). Therefore, differences in hepatic FFA delivery and 
subsequent lipid-mediated interference of insulin signalling cannot be ruled out as 
a possible explanation behind the difference in liver GU between the genetype 
groups. 

In conclusion, this study was able to show, in a relatively small number of subjects, 
that obese carriers of the p.Pro12Ala polymorphism of the PPARG gene have im-
proved liver insulin sensitivity with respect to GU, which may be beneficial to 
glycemic control after a meal. 

6.2 Insulin sensitivity in skeletal muscle, liver and adipose tissue 
are partly related (II)  

Close to a half of the variance in the insulin-stimulated GU in skeletal muscle and 
adipose tissue was explained by a single principal component. Adding liver GU or 
EGP to the model decreased the amount of variance explained to below 40%, sug-
gesting that liver insulin resistance occurs differently from skeletal muscle and 
adipose tissue insulin resistance. Not surprisingly, obesity had a negative effect on 
all examined tissue GUs. Interestingly, age was positively associated with liver 
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GU and EGP in both men and women and positively associated with adipose tissue 
GU in men only. 

When determining cutoffs for insulin resistance, the study population was divided 
into insulin sensitive and insulin resistant subjects using a previously published 
threshold (Stern et al. 2005) and ROC curve analysis. Based on that threshold, the 
optimal cutoff values were 33 µmol/kg tissue/min for skeletal muscle GU, 11.5 
µmol/kg tissue/min for abdominal subcutaneous adipose tissue GU and 3 µmol/kg 
body weight/min for EGP. These cutoffs may be useful when identifying insulin 
resistance in different tissues in future studies. 

The main strength of this study is the direct measurement of insulin-stimulated GU 
in the liver, skeletal muscle and adipose tissue during a single session that allowed 
the assessment of insulin sensitivity in all these tissues. Such information regard-
ing a large number of subjects has not been available earlier. Furthermore, the 
study dataset included persons of both sexes across a wide range of age and BMI, 
which enabled the investigation of any possible effects of these variables. 

In summary, this study showed that approximately one third of the variation of 
insulin sensitivity in skeletal muscle, adipose tissue and the liver is similar. As 
expected, obesity had a strong negative impact on tissue insulin sensitivity, 
whereas age and gender associated differently between skeletal muscle, adipose 
tissue and the liver. The effect of obesity on insulin sensitivity is at least partly due 
to increased lipolysis, which creates FFA flux into other insulin sensitive organs 
that interferes with insulin signalling (Gancheva et al. 2018). Skeletal muscle and 
adipose tissue insulin sensitivity correlated better with each other than with liver 
insulin sensitivity, which suggests that they are partly regulated differently. One 
possible mechanism, which could dissociate liver insulin sensitivity from that of 
skeletal muscle and adipose tissue, is the release of FFAs from visceral adipose 
tissue to the portal vein, that causes a locally increased FFA flux to the liver (Niel-
sen et al. 2004). These FFAs may cause insulin resistance immediately by creation 
of bioactive lipid species that interfere insulin signalling or can contribute to he-
patic insulin resistance in long term by promoting liver fat accumulation (Birken-
feld and Shulman 2014). 

6.3 New models for predicting insulin sensitivity by using serum 
NMR-metabolomics (III) 

In this study, models were created to predict insulin-stimulated skeletal muscle GU 
and whole-body GU using serum NMR-measurements as well as common clinical 
measurements. An important finding was that the Muscle-ISI model and the WB-
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ing a large number of subjects has not been available earlier. Furthermore, the 
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ISI model had higher associations with the skeletal muscle and whole-body glu-
cose disposal measurements received from PET and euglycemic-hyperinsulinemic 
clamp studies than the HOMA-IR model and the revised QUICKI model. In addi-
tion, the new models provided improvements over HOMA-IR and revised 
QUICKI when determining if a person has either muscle or whole-body insulin 
resistance.  

The models were created using NFG subjects and then tested using a separate 
group of persons with IR to confirm that the models work outside the sample group 
whereby they were created. The determined cutoff for Muscle-ISI had higher spec-
ificity than that of HOMA-IR or revised QUICKI when determining if a person 
has skeletal muscle insulin resistance. On the other hand, the cutoff for WB-ISI 
had higher sensitivity than that of HOMA-IR or revised QUICKI for detecting 
whole-body insulin resistance in the IR group. Moreover, AUCs for detecting skel-
etal muscle and whole-body insulin resistance were higher for Muscle-ISI and 
WB-ISI than HOMA-IR and revised QUICKI in the IR group. Muscle-ISI corre-
lated better to the actual skeletal muscle GU than HOMA-IR or revised QUICKI. 
Furthermore, WB-ISI tended to have higher correlation than HOMA-IR or revised 
QUICKI when compared to measured whole-body glucose disposal in the IR 
group. Muscle-ISI and WB-ISI correlated better also to skeletal muscle GU and 
whole-body GU than HOMA-IR and tended to have higher correlation than revised 
QUICKI among NFG subjects. 

An increase in VLDL particles and lipids, especially in large, very large and ex-
tremely large VLDL and chylomicrons, was associated with a decrease in skeletal 
muscle and whole-body insulin sensitivity. This is likely due to overproduction of 
VLDL particles and triglycerides from the liver as well as reduced hydrolysis of 
FAs from VLDL and chylomicron triglycerides by LPL in other tissues driven by 
the insulin resistant state (Larsson et al. 2013; Taskinen and Borén 2015). These 
findings agree with earlier reports connecting larger VLDL particles with lower 
insulin sensitivity, worse glycemic control and higher T2DM risk (Festa et al. 
2005; Fizelova et al. 2015; Garvey et al. 2003; Goff et al. 2005; Hodge et al. 2009; 
Mackey et al. 2015; MacLean et al. 2000; Mora et al. 2010; J. Wang et al. 2012). 

HDL triglyceride content was negatively associated with whole-body and skeletal 
muscle insulin sensitivity in this study. HDL triglyceride content increases by ex-
change of cholesteryl esters from HDL to triglycerides from chylomicrons and 
VLDL, which is facilitated by the cholesteryl ester transfer protein (CETP) 
(Oliveira and de Faria 2011; H. Wang and Peng 2011). Thus, high HDL triglycer-
ide content is another manifestation of increased amounts of triglyceride-rich lip-
oprotein particles which are characteristics of hepatic and extrahepatic insulin re-
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sistance. In addition, most of the plasma CETP is derived from the hepatic macro-
phages and is positively associated to the liver fat content which is another link to 
hepatic insulin resistance (Y. Wang et al. 2015). In the liver CETP provides pro-
tection from NAFLD by promotion of FA oxidation and inhibition of triglyceride 
synthesis, both of which are altered in an insulin resistant state (Palmisano et al. 
2016; Zhu et al. 2018). In contrast, the contribution of adipose tissue to plasma 
CETP pool is low (Blauw et al. 2016).  

Increased MUFAs were negatively associated with insulin sensitivity, whereas the 
omega 6-FAs to total FAs ratio was positively associated with insulin sensitivity. 
The finding agrees with a larger study where MUFAs were predictors of worse 
present and future glycemia and omega-6 FAs to total FAs was associated with 
better glycemic profiles (Mahendran et al. 2013). Surprisingly, omega-3 FAs were 
found to be predictors of insulin resistance. However, while observational and an-
imal studies have revealed positive associations between omega-3 FAs and insulin 
sensitivity, trials using omega-3 FA supplementation in humans have shown no 
benefit in the form of a reduction of insulin resistance, which agrees with our find-
ing (Lalia and Lanza 2016).  

Sex did not appear as a predictor in the models of insulin sensitivity. This suggest 
that the effects of sex on skeletal muscle and whole-body insulin sensitivity can be 
explained by other variables in the models. It is likely that the effects of sex on 
insulin sensitivity are driven mainly by the differences in body fat deposition 
(Hocking et al. 2013) which affects most, if not all, variables in these models. 

The strengths of this study are the use of a direct measurement of skeletal muscle 
insulin sensitivity and having a population which has persons of both sexes with a 
wide range of glycemic control, insulin sensitivity, BMI and age. Direct measuring 
of skeletal muscle GU provides additional precision compared to M-value, which 
may be confounded by non-suppressed EGP. In addition, studying a heterogeneous 
population shows that the created indices work well among different types of peo-
ple. 

In summary, the predictive models created in this study perform well when com-
pared to the commonly used surrogate markers for insulin sensitivity and may thus 
be useful for determining insulin sensitivity in large clinical studies or in a clinical 
setting where direct measuring of insulin sensitivity is too laborious and costly. In 
addition, this study has provided cutoffs for HOMA-IR and revised QUICKI for 
determining skeletal muscle insulin resistance. 
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6.4 Resistance training improves liver insulin sensitivity in elderly 
women (IV)  

This study showed that a resistance training according to the general exercise 
guidelines is sufficient to enhance insulin suppression of EGP in elderly women. 
Elderly women are at risk for developing T2DM due to muscle weakness and post-
menopausal shift of adipose tissue deposition towards central obesity (Hocking et 
al. 2013; Morley et al. 2001). Although resistance training did not affect adipose 
tissue masses, it improved muscle strength (Wasenius et al. 2018), enhanced insu-
lin suppression of EGP as well as improved insulin-stimulated skeletal muscle GU 
and mass (Bucci et al. 2016). These findings should result better glycemic control 
and thus protect from T2DM and cardiovascular disease.  

Not surprisingly, the improvement in EGP after the intervention was higher among 
those who were more insulin resistant at baseline. Levels of FFAs during the 
euglycemic-hyperinsulinemic clamp did not differ before and after exercise inter-
vention, suggesting that the enhanced suppression by insulin in EGP was not an 
indirect effect resulting from systemic adipose tissue lipolysis. However, the cir-
culating FFA level does not necessarily reflect liver FFA uptake (Viljanen, Iozzo 
et al. 2009), especially because the visceral fat depot releases FFAs directly to the 
portal vein. Thus, it is possible that lower FFA flux to the liver may be behind the 
improved suppression of EGP. In addition, the exercise intervention may have im-
proved lipid handling within hepatocytes as demonstrated earlier in mice (Jordy et 
al. 2015). 

Shorter telomeres have been associated with cardiometabolic risk factors such as 
glucose intolerance, insulin resistance, high BMI, high waist-to-hip ratio, high lev-
els of C-reactive protein and glycosylated haemoglobin and carotid intima-media 
thickness (Adaikalakoteswari et al. 2007; Olivieri et al. 2009; J. Zhao et al. 2014). 
Reactive oxygen species, oxidative stress and inflammation are likely the reason 
behind these associations (C. Matthews et al. 2006; Salpea and Humphries 2010; 
Serra et al. 2000). In the present study, it was discovered that telomere elongation 
was associated with enhanced insulin suppression of EGP. A trend of telomere 
elongation’s association with reduction in visceral fat mass was also observed. Our 
findings are consistent with the study of Uziel et al., where improved glycemic 
control in type 2 diabetes patients and subjects with coronary artery disease was 
harmonious with lower telomere shortening (Uziel et al. 2007).  

In summary, this study showed resistance training to be an effective way to im-
prove insulin sensitivity among elderly women. In addition, the results suggest that 
improvement in insulin sensitivity is associated with slower cellular ageing based 
on telomere length.  
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6.5 Limitations and future directions 

The PET studies using the CMgene cohort were performed during steady glycemia 
created using peripheral insulin and glucose infusions. This allowed measuring the 
independent effect of insulin on liver GU and glucose production. This said, the 
results do not reflect the postprandial state, where glucose and insulin concentra-
tions are much higher in the portal vein than in periphery. At the moment there is 
no reliable model available to assess non-steady state kinetics of 18F-FDG and glu-
cose during oral 18F-FDG administration.  

Fasting GU and EGP measurements were not included in the current studies due 
to time constraints and radiation dose limitations related to the original PET study 
projects of the CMgene cohort. Nevertheless, insulin sensitivity is the major deter-
minant of skeletal muscle and adipose tissue GU and suppression of EGP. It is also 
an important factor in liver GU since insulin stimulation can increase skeletal mus-
cle GU up to ten-fold, adipose tissue GU several-fold (Dadson et al. 2016) and 
liver GU two-fold (Immonen et al. 2014) compared to the fasting state, and EGP 
can be completely suppressed.  

Even though hepatic FFA flux could affect liver insulin sensitivity (Iozzo et al. 
2004), it was not measured in the studies I, II or IV in part due to limitations on 
radiation exposure to the study subjects. Thus, alterations in FFA flux to the liver 
should be investigated in future studies as a potential mechanistic factor behind the 
higher liver insulin sensitivity among Ala12 carriers (I) and after resistance exer-
cise intervention (IV) and as a possible contributing factor to differences in liver, 
skeletal muscle and adipose tissue insulin sensitivity along with other mediators of 
intertissue communication (II). Moreover, evaluation of FFA fluxes could give 
further insight on the observed differences in tissue insulin sensitivities between 
sexes. 

Duration of insulin infusion could potentially change tissue insulin-stimulated 
GUs over time due to delay to achieve full insulin effect (Koopmans, Mandarino, 
DeFronzo 1998) or skeletal muscle activation aimed to retain same body position 
over time. Since this study was performed using pre-existing data from multiple 
PET studies, timing of the PET scans when compared to start of insulin infusion 
varied according to the used protocol. However, scan time relative to start of insu-
lin infusion did not appear as significant predictor for skeletal muscle GU when 
building the Muscle-ISI prediction model and scan times relative to start of insulin 
infusion did not correlate with skeletal muscle, adipose tissue or liver GU. Thus, 
scan time relative to clamp protocol does not seem to be a major concern in the 
context of this study. Moreover, the studies in the CMgene cohort were conducted 
after at least a 10 hour fast but the actual study start time was dependent on design 
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of the original PET study projects as well as possible logistical restrictions. There 
were no associations between scanning time and tissue specific GUs or EGP. How-
ever, given the accumulating evidence that both glucose and fatty acid metabolism 
are subject to circadian rhythmicity (van den Berg et al. 2018), future studies 
should probably take into account time of scanning in relation to the research ques-
tion asked. 

Some of the participants to Study III used lipid or diabetes medication, but it is 
unlikely that the models for M-value and skeletal muscle GU were confounded by 
medication use because the models were created using nondiabetic participants of 
whom only 6% used lipid medication and none used diabetes medication. Simi-
larly, nondiabetic subjects were used in studying associations between skeletal 
muscle, adipose tissue and liver GU (Study II). Medication use served as a covari-
ate when analysing the effect of the p.Pro12Ala polymorphism on tissue GU in 
Study I. Some of the participants in the Dorian study (Study IV) took diabetes or 
lipid medication but it is unlikely that medication had a meaningful impact on the 
outcome of the study as the effects of exercise were compared within subjects. In 
addition, some of the participants of Study I were performing one-legged exercise. 
Only results from the noncontracting leg were used in comparisons between the 
genotype groups and one-legged exercise status (yes/no) was used as a covariate 
to ensure that doing the one-legged exercise does not affect the study results. 

Additionally, insulin measurement is known to vary according to the used assay. 
Nevertheless, the associations found between M-value and HOMA-IR or revised 
QUICKI in Study III correspond well with prior literature (Otten, Ahren, Olsson 
2014). Due to a limited sample size, there was no possibility to have a separate 
validation group of NFG subjects. However, the models were built using nested 
cross-validation to avoid selecting overfitted models. The models also performed 
better among IR subjects than the other indices, which shows that the models work 
well outside the sample whereby they were created. 

Interesting associations between telomere length and skeletal muscle and liver in-
sulin sensitivity were observed by Bucci et al. (Bucci et al. 2016) and in the study 
IV. Reactive oxygen species, oxidative stress and inflammation are potential 
mechanisms behind these associations (C. Matthews et al. 2006; Salpea and Hum-
phries 2010; Serra et al. 2000). However, these factors were not measured in the 
study IV and, therefore, future mechanistic studies should evaluate the possible 
role of reactive oxygen species, oxidative stress and inflammation in the observed 
relationship between telomere length, exercise and insulin sensitivity. 

In the future, it would be of interest to study whether the improved liver insulin 
sensitivity by the resistance exercise intervention in study IV or by the Ala12 allele 
found in study I actually translates to better glycemic control after a meal. Also, 
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the effects the Ala12 allele on insulin sensitivity in other tissues apart from the 
ones studied here are much unexplored area. Evaluating the benefits of using the 
models of insulin sensitivity created here for identifying persons with insulin re-
sistance and high risk for T2DM and cardiovascular diseases is an important task 
for the future.
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7 CONCLUSIONS 

I. This thesis has provided evidence in support of the existence of a higher 
insulin-stimulated GU in the liver among the obese carriers of the minor 
Ala12 allele of the PPARG2 gene compared to carriers of the p.Pro12Pro 
genotype. The Ala12 allele is known to be protective against T2DM (Gouda 
et al. 2010). The liver takes up 25-45% of the glucose from a meal’s carbo-
hydrates. Therefore, it is possible that higher liver GU contributes to better 
glycemic control after a meal and thus protection from T2DM among Ala12 
allele carriers. 

II. Studying skeletal muscle, adipose tissue and liver insulin-stimulated GU 
and insulin-suppressed EGP in a single session among a large number of 
subjects revealed that the insulin sensitivity of GU in skeletal muscle and 
adipose tissue are tightly linked, while their association with liver insulin 
sensitivity is lower. Furthermore, the current study allowed us to provide 
cutoff points for tissue specific GUs and EGP between normal and insulin 
resistant states when using the euglycemic hyperinsulinemic clamp with the 
most commonly used insulin infusion rate. These cutoffs may be useful in 
future studies when evaluating how high of a GU or glucose production rate 
can be considered normal during hyperinsulinemia. 

III. The models for predicting insulin sensitivity using fasting metabolite 
measures perform better than the commonly used fasting insulin sensitivity 
indices. Therefore, the models may be useful in large studies or in cases of 
clinical use that lack the possibility of using more precise but laborious and 
costly direct methods of insulin sensitivity assessment. 

IV. This study showed that regular resistance exercise among elderly women 
with low muscle strength improves insulin suppression of EGP. The finding 
is important because low muscle strength and insulin resistance are charac-
teristics of the frailty syndrome, which impairs daily functioning and in-
creases the risks of attendant comorbidities such as T2DM (Veronese et al. 
2016). Importantly, improved suppression of EGP was found among sub-
jects who had poor suppression of EGP before the exercise intervention. In 
addition, the improvement in EGP suppression was associated with leuko-
cyte telomere elongation. Shorter telomeres, a marker of cellular aging, are 
associated with an increased risk of T2DM as well as various cardiometa-
bolic disease risk markers (J. Zhao et al. 2014). While resistance training is 
incorporated into common exercise guidelines, usually only aerobic exer-
cise receives credit for improving insulin sensitivity. However, the above 
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findings show that the benefits of resistance training are not limited to in-
creased muscle strength, but also include broader health improvements. 
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