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ABSTRACT 
 
Henri Honka 
SPLANCHNIC METABOLISM AND BLOOD FLOW IN MAN 
PET Studies with Reference to Obesity and Diabetes 
 
From University of Turku, Faculty of Medicine, Institute of Clinical Medicine, 
Department Internal Medicine, Doctoral Programme of Clinical Investigation and 
Turku PET Centre, Turku, Finland 
 

Splanchnic region comprises the interaction of multiple organs, hormones and neural 
factors and is a critical regulator of glucose homeostasis during both postabsorptive and 
absorptive states. While splanchnic functions deteriorate during long-standing obesity 
predisposing to impaired glucose regulation and type 2 diabetes, many of the aspects of 
splanchnic metabolism and blood flow (BF) in health and disease are still unknown. 

In the present work, validation of positron emission tomography (PET) for the 
measurement of pancreatic and intestinal metabolism and BF in vivo was carried out and 
thereafter the method was applied to a total of 62 morbidly obese and 40 healthy 
individuals. In a set of cross-sectional and longitudinal studies glycemic control and β-cell 
function, splanchnic glucose and lipid metabolism, and splanchnic vascular responses to a 
mixed-meal, incretin infusions and glucose loading were explored before and after 
bariatric surgery and weight loss. 

Compared to healthy controls, pancreatic fatty acid (FA) uptake and steatosis were 
markedly increased in obese patients whereas pancreatic glucose uptake (GU) and BF were 
impaired. Elevated pancreatic steatosis and inadequate BF were associated with poor 
insulin secretion rate. In the small intestine, insulin upregulated GU nearly three-fold over 
the fasting values in healthy controls whereas normally glucose tolerant obese patients 
were unresponsive to the stimulatory effect of insulin. In lean controls and patients with 
type 2 diabetes, mixed-meal increased both pancreatic and intestinal BF, whereas GIP 
infusion decreased and increased pancreatic and intestinal BF, respectively. Bariatric 
surgery was followed by a prominent weight loss, increase in insulin sensitivity and β-cell 
function, and decrease in pancreatic FA uptake, rate of steatosis and BF. While the 
vascular responses of GIP were essentially similar at post-surgery when compared to pre-
surgery, splanchnic vascular responses during mixed-meal were enchanced, likely as a 
result of rapid gastric emptying. 

In conclusion, pancreatic and small intestinal metabolism and BF respond to obesity 
and type 2 diabetes, and to metabolic changes elicited by bariatric surgery. The adequacy 
of pancreatic BF responses and insulin-dependence of intestinal GU are pivotal concepts in 
the regulation of glucose homeostasis in humans. Obesity influences both of these 
physiological concepts, whereas altered gastrointestinal anatomy, incretins responses and 
weight loss after bariatric surgery are able to reverse these obesity-induced perturbations 
leading to improved glucose homeostasis. 
 
Keywords: pancreatic blood flow, pancreatic steatosis, intestinal glucose uptake, bariatric 
surgery, β-cell function, GIP, mixed-meal, positron emission tomography
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TIIVISTELMÄ 
 
Henri Honka 
MAHA-SUOLIKANAVAN AINEENVAIHDUNTA IHMISELLÄ 
PET-tutkimuksia lihavilla ja diabetesta sairastavilla potilailla 
 
Turun yliopisto, lääketieteellinen tiedekunta, kliininen laitos, sisätautien oppiaine, 
Turun yliopiston kliininen tohtoriohjelma ja Valtakunnallinen PET-keskus, Turku, 
Suomi 
 

Maha-suolikanavan alue käsittää lukuisten elinten, hormonien ja hermostollisten 
tekijöiden välisen vuorovaikutuksen ja se on keskeinen veren glukoositasapainoa säätelevä 
kokonaisuus niin paastossa kuin aterianjälkeisessä tilanteessa. Vaikka lihavuuden on 
osoitettu muuttavan maha-suolikanavan toimintaa altistaen heikentyneelle 
glukoosinsiedolle ja tyypin 2 diabetekselle, monia tämän alueen aineenvaihdunnallisia ja 
verenvirtaukseen liittyviä tekijöitä ei tunneta terveessä elimistössä eikä sairaustiloissa. 

Väitöskirjatyössäni osoitin että positroniemissiotomografia eli PET-kuvaus soveltuu 
haiman ja suoliston glukoosi- ja rasvahappoaineenvaihdunnan ja verenvirtauksen 
mittaamiseen ihmisillä kajoamattomasti. Tämän jälkeen hyödynsin PET-menetelmää 
erilaisissa tutkimusasetelmissa 62 lihavalla ja 40 terveellä koehenkilöllä. Lisäksi 
tutkimuksissa tarkasteltiin lihavuusleikkauksen vaikutusta koko kehon 
glukoosiaineenvaihduntaan ja haiman beetasolujen toimintaan. 

Tutkimuksessa todettiin että lihavilla koehenkilöillä oli suurentunut haiman 
rasvahappoaineenvaihdunta ja heidän haimansa olivat rasvoittuneempia kuin terveillä 
verrokeilla. Lihavien koehenkilöiden haiman glukoosiaineenvaihdunta ja verenvirtaus oli 
heikentynyt. Terveillä verrokeilla insuliini lisäsi suoliston glukoosinottokykyä lähes 
kolminkertaisesti paastonaikaiseen tilanteeseen verrattuna. Sen sijaan lihavilla 
koehenkilöillä insuliinin anto ei vaikuttanut suoliston glukoosinottokykyyn. Terveillä 
verrokeilla ruokailu lisäsi sekä haiman että suoliston verenvirtausta, kun taas GIP-
hormonin annon aikana haiman verenvirtaus laski ja suoliston nousi. Lihavuusleikkauksen 
myötä haiman rasva-aineenvaihdunta ja verenvirtaus laskivat merkitsevästi. GIP-hormonin 
vaikutukset maha-suolikanavan verenvirtaukseen olivat samanlaisia sekä ennen leikkausta 
että sen jälkeen. Sen sijaan leikkauksenjälkeisessä tilanteessa ruokailun aiheuttamat maha-
suolikanavan verenvirtausvasteet kiihtyivät johtuen todennäköisesti suurentuneesta 
mahalaukun tyhjenemisnopeudesta. 

Tutkimuksen perusteella maha-suolikanavan alueen elimissä tapahtuu lukuisia 
muutoksia lihavuuden, tyypin 2 diabeteksen ja lihavuusleikkauksen myötä. Haiman 
verenvirtausvasteet ja suoliston insuliinista riippuvainen glukoosinottokyky ovat 
merkittäviä koko kehon aineenvaihduntaa sääteleviä ilmiöitä. Vaikka lihavuus näyttää 
muuttavan näitä ilmiöitä, lihavuusleikkaus ja sen vaikutukset maha-suolikanavan 
anatomiaan, suolisto-hormonien eritykseen ja painoon kykenevät palauttamaan haitalliset 
muutokset johtaen parempaan glukoositasapainoon. 
 
Avainsanat: haiman verenvirtaus, haiman rasvoittuminen, suoliston glukoosinottokyky, 
lihavuusleikkaus, β-solutoiminta, GIP, ruoka-aineen anto, positroniemissiotomografia
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1 INTRODUCTION 
 

Intermediary and energy metabolism entails all inter- and intracellular processes 
required for a homeostatic control of bodily functions. Humans have developed a 
number of sophisticated mechanisms to reassure energy supply to organs at any 
given physiological state. After food ingestion these homeostatic mechanisms 
ensure that excessive glucose and other nutrients in bloodstream are diverted into 
cells’ metabolic needs whereas during periods of fast and starvation, liver, kidneys, 
adipose tissue and skeletal muscle are able to increase their output of glucose, fatty 
acids and amino acid from tissue cytoplasm to the circulation in order to maintain 
plasma glucose at a constant level and to satisfy brain’s constant need for glucose. 
The regulation of intermediary and energy metabolism during these intermittent 
feed/fast cycles is based on the molar balance of anabolic and catabolic factors, 
favoring storage and cleavage of energy substrates, respectively. These factors are 
secreted from the designated endocrine organs in response to altering substrate 
levels in the circulation and exert their action in various organs in order to reverse 
the disruption in substrate homeostasis, after which their secretion is 
downregulated in a feedback manner. 

In addition to adipose tissue and skeletal muscle, the splanchnic region 
comprising the interaction of liver, pancreas, small intestine, hormones and neural 
factors is a crucial regulator of nutrient and glucose metabolism and is responsible 
for a plethora of essential homeostatic functions: first, pancreatic islets of 
Langerhans secrete insulin and glucagon in appropriate molar ratio to divert 
glucose balance from positive (net uptake) to negative (net release) after meal 
ingestion and during fasting, respectively; second, while the most crucial function 
of the small intestine is the absorption of nutrients, the mucosal layer of the gut 
wall interacts with luminal bacteria, secretes gut hormones and utilizes glucose and 
free fatty acids, and regulates whole-body metabolism, insulin action and adiposity; 
third, liver contributes to glucose metabolism by extracting as much as one third of 
the ingested glucose and serving as a glucose reservoir to be utilized when food is 
not accessible. Because of the vast amount of crucial physiological functions, 
disruption of normal splanchnic functions has detrimental effects in whole-body 
metabolism and general health. Many studies have shown that the synergy of genes 
and environmental stressors such as overweight and obesity leads to disturbances in 
function of these splanchnic organs predisposing to impaired glucose regulation, 
lipid disorders and type 2 diabetes. 

During the last two decades, the preponderance of western-style high-fat, high-
carbohydrate diet and the decrease in physical activity has inflated the global 
prevalence of obesity and type 2 diabetes into epidemic proportions causing a 
marked social and economic burden for societies. In Finland, for instance, the total 
cost of diabetes is roughly 1.3 billion per annum equating nearly 9 % of the total 
health care budget. The main pathogenic mechanisms underlying impaired glucose 
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regulation and type 2 diabetes are the decreased sensitivity to the action of insulin 
to promote cellular glucose uptake (GU) and inadequate insulin output from the 
pancreatic β-cells to compensate for the greater metabolic needs. These typical 
diabetic interferences can be quantified also in the splanchnic region as a decrease 
in overall (net) splanchnic metabolic rate. However, it is not currently known to 
what extent the metabolism and vascular properties of individual splanchnic organs 
such as pancreas and small intestine are altered in response to obesity. The 
combination of insulin resistance and dysfunctional β-cells leads to the hallmark of 
the disease, i.e. fasting and postprandial hyperglycemia multiplying the risk for 
cardiovascular disease, chronic kidney disease, and retino- and neuropathy. In 
clinical practice, type 2 diabetes is a heterogeneous syndrome characterized by a 
combination of varying degrees of insulin resistance, diminished gut hormone 
effect and poor insulin secretion stipulating for individualized therapy. Today, 
management of obesity and type 2 diabetes include diet and lifestyle modifications, 
pharmacotherapy and invasive procedures, notably bariatric surgery. Many studies 
have shown the unique ability of the latter to produce sustained weight loss 
accompanied with marked increase in insulin sensitivity and nearly 80 % remission 
rate of diabetes. While it is commonly thought that many of the anti-diabetogenic 
properties of bariatric surgery are related to the mechanical caloric restriction and 
oversecretion of gut hormone GLP-1, it is largely unexplored whether splanchnic 
region adapts to surgical manipulation of the GI tract with alteration in metabolic 
rate and blood flow (BF) kinetics, and whether these plausible adaptations are 
related to favorable surgical outcome. While the bariatric surgery is undoubtedly 
effective treatment method for morbid obesity with and without type 2 diabetes, the 
cost of the operation and surgery-associated risks reduce its usefulness in a routine 
management of this large patient group. Thus, research is urgently needed to clarify 
the early pathogenic disturbancies in obesity and type 2 diabetes in order to identify 
novel targets for pharmacological, behavioral and other conservative therapies. 

Splanchnic organs are positioned deep in the abdominal cavity. This and the 
unique vascular anatomy from abdominal aorta to hepatic artery and portal vein, 
and thereafter to hepatic vein render the quantification of splanchnic metabolism 
and BF particularly cumbersome. In humans, studies quantitating splanchnic 
functions so far have been performed with hepatic vein catheterization technique, 
double tracer technique with stabile isotopes and with dilution techniques. 
Although the knowledge derived from studies utilizing these techniques have been 
essential for our current understanding of the diabetic pathogenesis, they are not 
suitable for routine practice. During the recent years, multimodal imaging 
techniques have become a golden standard in the investigation of diseases in 
cardiology, endocrinology, neurology and oncology. Positron emission tomography 
(PET) is a molecular imaging modality exploiting the use of labile positron-
emitting isotopes attached to the natural molecule which biological distribution and 
behavior during steady- or non-steady states is desired to be studied. For example, 



Introduction 

 
17 

the quantification of tissue GU, fatty acid (FA) uptake, BF, and blood volume can 
be performed by using the specific radiotracers. The main advantages of PET 
methodology is the non-invasiveness of the technique and the ability to isolate 
single organ functions from the surroundings in contrast to techniques presented 
earlier which are able to provide information only from the net splanchnic area. 
Measurement of single organ function in PET requires tissue data derived from 
computerized analysis of PET image and so-called input function derived either 
from image or from frequent peripheral blood sampling. In the recent years the 
PET scanner performance and spatial resolution has evolved considerably, and a 
combination of molecular imaging and anatomical reference imaging such as 
computed tomography and nuclear magnetic resonance has become a clinical 
routine. 

Previous studies have shown the ability of PET to reliably quantitate metabolism 
and BF in skeletal and heart muscle, liver and adipose tissue whereas to the best of 
this author’s knowledge PET has not been utilized nor validated for the 
measurement of pancreatic and intestinal functions. In this work, multimodal 
imaging approach was utilized to clarify splanchnic functions in health and disease. 
In the preclinical part performed in animals, a validation of the use of PET for the 
non-invasive measurement of pancreatic and intestinal functions was carried out. 
Thereafter the PET methodology was applied in a number of human data sets. The 
clinical study was divided into two distinct entities: 1) in the cross-sectional part 
the primary hypothesis was that obesity per se causes distrubances in the metabolic 
milieu and vascular kinetics in the intrasplanchnic organs contributing to impaired 
glucose regulation and insulin secretory defect in genetically predisposed 
individuals, whereas 2) in the longitudinal part it was rationalized that bariatric 
surgery and concomitant weight loss are able to fully of partly normalize the 
obesity-induced alterations in the intrasplanchnic organs mediating the favorable 
outcome of surgery on glycemic control and remission of diabetes. 
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2 REVIEW OF THE LITERATURE 
 
2.1 An overview of intermediary metabolism 
 

Humans and other vertebrates have a constant need for energy yet consume food 
only intermittently. Thus, a set of sophisticated intra- and interorganeous 
mechanisms have evolved to reassure the energy allocation for tissues during both 
fed (absorptive) state, and at fast (postabsorptive state). Intermediary metabolism 
entails all the chemical processes within and between the cells to maintain function 
and homeostasis of the organs. After a meal ingestion, body’s regulatory orchestra 
favor anabolic storage of energy substrates as fuel reservoirs (glycogen, and 
triacylglyserols) and proteins, and at fast and early starvation, respectively, the fuel 
reservoirs are catabolically cleaved into readily-consumable energy substrates 
(glucose, lactate, amino acids, and free fatty acids). In the following discussion, I 
detail the metabolism of the two common intermediary products, carbohydrates and 
lipids, review the hormonal/fuel milieu of metabolic regulation during absorptive 
and postabsorptive state, and further these concepts into current knowledge on the 
pathogenesis of metabolic derangement in obesity and type 2 diabetes, as well as to 
their treatment perspectives. The protein metabolism is only scarcely addressed. 
 
2.1.1 Glucose metabolism 
 

Carbohydrates are abundant substrates for the body’s energy metabolism. After 
food ingestion, gastrointestinal enzymes hydrolyze polysaccharides into monomer 
structures, most importantly glucose, which are thereafter absorbed into systemic 
circulation via brush-border membrane. Unlike insulin-sensitive tissues, the brain 
relies on a constant supply of glucose and other monosaccharides at any given 
time, and therefore it is crucial that glucose concentration in bloodstream does not 
fall below normoglycemic (i.e. 4-6 mM, Fig. 1) range at varying physiological 
states. 

Glucose is a readily-consumable hydrophilic energy substrate for all cells of the 
human body. After internalization by the specific transporters (glucose transporters, 
GLUTs), glucose is phosphorylated by an enzyme called hexo/glucokinase to yield 
glucose-6-phosphase. Thereafter, depending on a nutritional state, glucose-6-
phosphate participates in either energy production via glycolysis and Krebs cycle or 
energy storage via glycogenesis. During glycolysis, glucose-6-phosphate is 
enzymatically transformed into pyruvate, which then is transported into the 
mitochondria for tricarboxylic acid (Krebs) cycle. Full aerobic glycolysis of one 
glucose molecule yields a total of 38 adenosine triphosphates (ATP) which are 
utilized for cell’s immediate metabolic needs. Alternatively, during exercise and 
other stressful events (trauma, hypoventilation, vascular distress) the oxidative 
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capacity of the cell is exceeded, in which case pyruvate is reduced into lactate by 
an enzyme called lactate dehydrogenase. Anaerobic glycolysis of one glucose 
molecule yields a total of 2 ATPs, equating 5 % of glucose’s energy potential. 
Lactate in turn is mostly diffused into the bloodstream for reconversion to glucose 
via gluconeogenesis (in a phenomenon called the Cori cycle, see below) 
(Waterhouse & Keilson 1969). 

Glycogen is a branched-chain homopolysaccharide composed exclusively from 
α-D-glucose in myo– and hepatocytes and acts as a fuel reserve from which 
glucose can be rapidly mobilized. During the absorptive state, insulin stimulates the 
action of glycogen synthase which then adds glucose-6-phosphate metabolites into 
an existing glycogen polymer. After the first hours of meal ingestion, muscle and 
hepatic glycogen reservoir, 400 and 100 grams respectively, are fully built 
(Champe & Harvey 2008). In contrast, during a prolonged fasting and early 
starvation, hepatic and muscle glycogen reservoirs are mobilized to produce 
glucose for themselves (muscle, liver) and to be released into the bloodstream 
(liver), with hepatic glycogenolysis being responsible for most of the endogenous 
glucose production (EGP) during postabsorptive state and early starvation 
(Rothman et al. 1991). 

Whether fast persists beyond the postabsorptive state and early starvation (16-24 
hours), hepatic and muscle glycogen reservoirs are depleted. In order to maintain 
euglycemia during times of prolonged fasting, body can neosynthetize glucose 
from circulating precursors such as lactate, amino acids, and glycerol in a process 
called gluconeogenesis. The main gluconeogenetic organ is liver, producing 30-65 
% of EGP via gluconeogenesis after an overnight fast, whereas renal and intestinal 
gluconeogenesis account for a greater proportion of EGP when fast is prolonged for 
more than 48 hours (Kahn et al. 2005, Rothman et al. 1991, Rajas et al. 1999, 
Croset et al. 2001). If starvation is prolonged for more than a few days, net 
gluconeogenetic rate is lowered in response to decreased cerebral glucose 
consumption and amino acid precursor appearance in bloodstream. The rate-
limiting enzymes in the gluconeogenic pathway (phosphoenolpyruvate 
carboxykinase, PEPCK; and glucose-6-phosphatase, Glc6Pase; respectively) are 
under strict control of the hormonal milieu, with glucagon and substrate availability 
being the main stimuli for the induction of enzyme synthesis and their 
transformation into active forms (Champe & Harvey 2008). Conversely, during 
absorptive state insulin is a powerful repressor of gluconeogenesis. 
 
2.1.2 Lipid metabolism 
 

In addition to glucose and other carbohydrates, lipids serve as a principal 
circulating metabolic fuel for tissues, rich in energy (9 kcal per gram) and 
hydrophobic in nature. During the absorptive state, the anabolic hormonal milieu 
(i.e. insulin excess and counter-regulatory hormone depletion) favor lipid storage as  
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Figure 1. Glucose kinetics during absorptive (1-4 hours), postabsorptive (4-16 hours) 
states, and during starvation. Immediately after meal ingestion, glucose is rapidly taken up 
by the cells for metabolic needs and for glycogen storage. With progression to 
postabsorptive state and starvation, glycogen is rapidly mobilized and thereafter hepatic, 
renal and intestinal gluconeogenesis is responsible for the majority of EGP production into 
the bloodstream. From Kahn et al. (2005). 
 
triacylglyserols in the adipose tissue, and during postabsorptive state and 
starvation, this lipid reservoir is mobilized into the bloodstream for major source of 
fuel (Kahn et al. 2005, Ganong 2005). However, unlike other tissues, brain is 
unable to utilize lipids directly as an energy substrate and therefore, during 
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prolonged fasting, is dependent on ketone body formation from free fatty acids 
(FFA) in the liver (Owen et al. 1967). 

Dietary lipids primarily consists of triacylglyserols (TAG), cholesterol esters 
and phospholipids (Champe & Harvey 2008). During the absorptive state, lipids are 
degraded by lingual, gastric and pancreatic lipases and bile to yield 2-
monoacylglyserol, cholesterol, glycerylphosphoryl base, and FFAs, respectively, 
which are thereafter internalized by specific transport proteins (FABP family) into 
brush-border membrane of the enterocytes. Afterwards, enterocytes pack the 
hydrophobic substrates as lipid droplets within the lipoprotein complexes 
(chylomicrons) that enter the circulation via the lymphatic ducts. Alternatively, 
FFAs can be transported in the bloodstream bound to albumin. Ingestion of fatty 
meal stimulates insulin secretion of the pancreatic β-cells (Montague & Taylor 
1968). Insulin, thereafter, increases the activity of the intravascular enzyme 
lipoprotein lipase, which cleaves FFAs and glycerol from TAGs inside 
chylomicrons (Kiens et al. 1989). These newly-released lipids enter the adipocytes 
and are thereafter re-esterified as TAG molecules contributing to as a long-acting 
energy reservoir in a process called lipogenesis. Moreover, adipocytes are able to 
store surplus glucose and amino acids in excess of the body’s needs as TAGs via de 
novo formation of FFAs. After the cleavage of the majority of lipids by lipoprotein 
lipase, the chylomicron remnants are effectively internalized by the liver to produce 
very low-density lipoproteins (VLDL), which in turn are returned into the 
bloodstream. VLDLs serve a similar purpose as chylomicrons, i.e. the transport of 
diet- and liver–derived lipids into peripheral tissues with the aid of insulin-
stimulated lipoprotein lipase postprandially. After complex circulatory 
apolipoprotein and TAG exchange reactions, VLDLs are converted as low-density 
lipoproteins (LDL) which are responsible for cholesterol-transport to peripheral 
tissues and/or the liver, the latter regulating LDL elimination from the bloodstream. 

After an overnight fast and early starvation, metabolic regulation shifts from 
energy storage (anabolism) to energy utilization (catabolism). In the adipose tissue, 
the decreasing levels of serum insulin activates an enzyme hormone-sensitive 
lipase which stimulates the breakdown of TAGs into FFAs and glycerol, 
respectively. Immediately after lipolysis, these readily-consumable energy 
substrates are mobilized into the bloodstream for immediate utilization, mostly in 
the liver and muscle (Kahn et al. 2005). Eukaryotic cells can consume fatty acids 
via mitochondrial β-oxidation, producing high amounts of energy; for example, the 
oxidation of long-chained fatty acid palmitate can yield a total of 129 ATPs, 
equating 3.4-times the glucose’s energy potential during aerobic glycolysis. In turn, 
the released glycerol is used as a precursor for gluconeogenesis. In contrast, during 
prolonged fasting and corresponding insulinopenic states, hepatic ketogenesis takes 
place. Here, plasma FFAs are internalized by the liver, oxidized to acetyl coenzyme 
A (CoA), and thereafter synthesized to ketones bodies, namely acetoacetate, β-
hydroxybutyrate and acetone. Water-soluble and acid, ketone bodies are the 
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primary energy substrates by both peripheral tissues (expect liver) as well as the 
brain at times when glucose production is decreased and FFA mobilization and 
transhepatic flux is abundant (Cahill 1976). The main stimuli for rerouting of acetyl 
CoA into ketone body formation gateway are 1) the scarcity of mitochondrial 
oxaloacetate readily-utilizable for Krebs cycle due to catabolic hormonal milieu, 
and 2) fatty acid excess encountered by the liver during prolonged fasting state. 

Circulating plasma FFA pool serves as an important energy fuel for all tissues 
expect brain during fasting and starvation. Given the intravascular lipolysis and 
internalization of fatty acids inside the adipocytes (see above), how it is possible 
that there are measurable amounts of plasma FFAs postprandially even in healthy 
individuals? Recent studies have suggested that a part of the newly-released FFAs 
from chylomicrons is not internalized but instead stay in the circulation and are 
diffused in other tissues, such as muscle (Miles et al. 2003). This ‘fatty acid 
spillover’ is thought to reflect subclinical impairment in dietary lipid storage 
capacity and/or inefficient lipolytic activity of lipoprotein lipase (Almandoz et al. 
2013). More than 50 years ago, Randle et al. (1963) proposed a concept of 
‘substrate inhibition’, whereby increased FFA oxidation results in increased 
amounts of intracellular acetyl CoA which further lowers the gluco/hexokinase 
activity leading to a decreased glycolytic rate. Later on, this Randle cycle has been 
validated in healthy individuals in several studies (Thiébaud et al. 1982, Ferrannini 
et al. 1983, Nuutila et al. 1992). Thus, while plasma FFA pool has a crucial 
function as an energy substrate, the abundance poses several detrimental effects on 
the regulation of intermediary metabolism. 
 
2.1.3 Actions of the regulatory hormones during the feed/fast cycle 
 

In fasted human, meal ingestion leads to a positive energy balance that elicits 
complex metabolic alterations that aim in the storage of ingested macronutrients – 
carbohydrates, lipids, and amino acids – to be again utilized during the 
postabsorptive state, where energy balance is considered to be negative. The 
“metabolic switch” from catabolic to anabolic energy pathways is regulated by a 
variety of hormones and other factors, the main stimuli for meal-induced hormonal 
response being the increase in nutrient – mainly glucose – concentration in the 
bloodstream. Increases in hormone secretion essentially aim at restoring the altered 
nutrient homeostasis, the restoration in turn inhibiting the secretion of regulatory 
hormone, therefore establishing a classical endocrine feedback loop. Briefly, the 
balance between plasma levels of insulin versus counter-regulatory hormones is the 
main determinant of whether the target organ metabolism favors energy storage: 
glycolysis, glycogenesis and TAG synthesis; or mobilization: glycogenolysis, 
gluconeogenesis, lipolysis, and ketone body formation. 
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2.1.3.1 Insulin 
 

Insulin is the pivotal anabolic hormone of the mammalian body. Consisting of 
51 amino acids arranged in two polypeptide chains and weighting 5808 Da, insulin 
is secreted by the β-cells clustered in the core of pancreatic islets of Langerhans in 
response to hyperglycemia and gastrointestinal hormones after a meal ingestion 
(for a detailed review, see 2.2.2.2). In glucose-tolerant individuals, serum insulin 
levels are low (1-10 mU L-1) during fasting state but rise rapidly after a meal 
ingestion. Insulin exerts its effects by binding to specific receptors located on the 
cell membrane of various tissue types such as hepatocytes, myocytes, adipocytes 
and endothelial cells. After receptor binding, the tyrosine kinase activity within the 
receptor itself phosphorylates intracellular substrates (insulin receptor substrate, 
IRS) which in turn mediate the biological actions of insulin (White & Yenush 
1998). While insulin has many biological actions controlled by delicate and 
complex downstream signaling pathways, the core actions are related to regulation 
of glucose and lipid metabolism. 

In regards to glucose metabolism, insulin stimulates the translocation of 
vesicular GLUT4 to the cell surface of insulin-sensitive tissues leading to an 
increase in whole-body glucose disposal from the bloodstream (Yki-Järvinen & 
Utriainen 1998, Iozzo et al. 2006). Moreover, insulin is able to promote and 
stimulate key enzymes in the glycolytic pathway including hexo/glucokinase, 
phosphofructokinase and pyruvate kinase (Nouspikel & Iynedjian 1992, Dunaway 
1983, Blair et al. 1976), increasing the amount of glucose-6-phosphate and the rate 
of oxidative glycolysis. The abundance of glucose-6-phosphate allosterically 
activates glycogen synthase and inhibit glycogen phosphorylase leading to 
increased glycogen storage in liver and muscle cells. In addition to increased 
glucose uptake (GU), insulin acts as a powerful repressor of hepatic 
gluconeogenesis thus decreasing EGP. Mechanistically, insulin inhibits the 
transcription of the key gluconeogenetic enzymes (PEPCK and Glc6Pase) (Kahn et 
al. 2005) and decreases circulating gluconeogenetic substrate availability from 
muscle and adipose tissue thereby influencing the rate of EGP. After insulin 
secretory burst, the combination of stimulated peripheral and splanchnic GU and 
inhibited EGP leads a rapid yet transient drop in blood glucose levels ensuring 
normoglycemia. 

In adipose tissue, insulin promotes TAG storage and decreases the rate of 
lipolysis by three routes. First, the insulin-induced activation of endothelial 
lipoprotein lipase and membranous translocations of fatty acid transporters 1 and 4 
(FATP1, FATP4) (Stahl et al. 2002) increases the uptake of nutrient-derived fatty 
acids into the adipocytes. Secondly, increases in GLUT4-mediated glucose 
internalization and glycolysis provide an excess of acetyl CoA to be utilized in de 
novo lipogenesis (Virtanen et al. 2002). Lastly, insulin is a powerful inhibitor of 
hormone-sensitive lipase, a key enzyme in the lipolysis. 
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While having a crucial role in the regulation of intermediary metabolism, 
multiple clamp studies have shown that insulin is able to dilate tissue nutrient 
arterioles in an endothelium-dependent mechanism. In a thorough review by Baron 
(1994), it is hypothesized that the insulin-dependent vasodilatation is functionally 
coupled to insulin effect in the metabolic regulation (i.e. glucose disposal). In fact, 
after an oral glucose load, Baron et al. (1990) observed largely blunted and delayed 
femoral mucle GU in obese insulin-resistant patients when compared with lean 
controls while the femoral muscle AV glucose difference was similar between the 
groups. As the femoral muscle blood flow (BF) was increased by 37 % only in lean 
controls and not in obese patients, the investigators hypothesized that tissue BF 
contributes to the disposal of oral glucose load and that the derangements in BF 
regulation may predispose to defective peripheral GU. Subclinical insulin 
resistance in endothelial cells may also explain the observed link between glucose-
intolerance and hypertension. However, due conflicting results in later studies the 
pathophysiological relevance of the interaction between BF and metabolism is 
currently unsettled (Utriainen et al. 1995, Yki-Järvinen & Utriainen 1998, Guiducci 
et al. 2011). 

Lastly, insulin is able to cross the blood-brain barrier and act as a satiety 
(anorexigenic) signal resulting to reduced eating habit and body weight (Benoit et 
al. 2002). 
 
2.1.3.2 Counter-regulatory hormones 
 

During postabsorptive and fasting states insulin secretion is largely blunted and 
without adequate counter-regulation, potentially fatal hypoglycemia would 
intervene. Thus a variety of hormones act as insulin antagonists leading to 
mobilization of the energy storages which were built during the absorptive state. 
Glucagon, a 29-amino acid polypeptide secreted by the pancreatic α-cells in 
response to drop in blood glucose levels and adrenergic stimulation ensures an 
immediate rise in blood glucose levels when administered exogenously (Sutherland 
& De Duve 1948). Later on, studies have shown that the hyperglycemic 
mechanism of glucagon resides in its ability to stimulate glycogenolysis (liver and 
muscle), hepatic gluconeogenesis and lipolysis (Cahill et al. 1957, Kalant 1956, 
Steinberg et al. 1959). These processes result in rise in glucose and the abundance 
of gluconeogenetic FFAs in the bloodstream. 

Other hyperglycemic agents include catecholamines, mainly epinephrine and 
norepinephrine, which release from synaptic endings and suprarenal medullae is 
stimulated by hypoglycemia, excitement, or fear (Ganong 2005). Catecholamines 
increase the rate of glycogenolysis, hepatic gluconeogenesis and lipolysis. 
Moreover, corticosteroids released from suprarenal cortex act as permissive 
regulators in concert with glucagon in stimulation of hepatic gluconeogenesis. 
Endogenous and exogenous supplementary corticosteroid weaken insulin effect 
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(anti-insulin action) on peripheral GU resulting in impaired glucose tolerance 
(Jenkins et al. 1964). Finally, growth hormone antagonizes insulin action and 
worsens hyperglycemia by mobilizing FFA from adipose tissue, increasing hepatic 
glucose output and decreasing glucose disposal in peripheral tissues. 
 
2.1.3.3 Incretins 
 

Almost 50 years ago, Perley and Kipnis (1967) observed that both normally 
glucose-tolerant and diabetic individuals had considerably (60 – 70 %) larger 
insulin secretion rate (ISR) after oral glucose administration versus when identical 
plasma glucose excursion was reproduced with an isoglycemic intravenous glucose 
infusion. Moreover, the maximal insulin levels were reached earlier during oral 
than during intravenous glucose loading. The authors concluded that innate 
“alimentary insulinogenic mechanism” (Fig. 2) resides within the intestine and has 
a crucial function in the first-order hepatic metabolism of glucose after a meal 
ingestion, preventing a large proportion of meal-derived glucose to enter systemic 
circulation. Later on, studies by Perley & Kipnis and alike led to a discovery and 
identification of gut hormones, or incretins, most importantly glucagon-like peptide 
1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) that play a 
significant role in the regulation of intermediary metabolism during the absorptive 
and postabsorptive states, and in the appetite control. For further details regarding 
gut hormone secretion, see 2.2.3.2.2. 
 
 

 
Figure 2. Plasma glucose and C-peptide responses after 50-gram oral glucose load and 
isoglycemic intravenous glucose infusion (IIGI) in six healthy individuals. The alimentary 
route of glucose administration elicits markedly larger insulin and C-peptide secretory 
responses when compared with similar dose given intravenously. This difference (i.e. on 
the right graph) is due to insulinogenic action of intestinal secretagogues and termed “the 
incretin effect”. *P < 0.05 between modalities. Modified from Nauck et al. (1986). 
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Biologically active GLP-1 is a 30-amino acid polypeptide secreted by the 
enteroendocrine L-cells of the distal ileum in response to ingested carbohydrates, 
lipids and protein. After secretion into portal vein, GLP-1 is rapidly cleaved by the 
protease dipeptidyl peptidase IV (DPP-IV, originally discovered by Hopsu-Havu & 
Glenner [1966] and further studied by Heymann & Mentlein [1978]), resulting in 
only 2-minute half-life. GLP-1’s most main anabolic function is the potentiation of 
glucose-stimulated insulin secretion (GSIS) from pancreatic β-cells, especially after 
meal ingestion but even at the fasting glucose values (Vilsboll et al. 2003). In 
addition to its short-term reflex action on insulin secretion, GLP-1 serves as trophic 
factor for mammalian β-cell mass by inhibiting β-cell apoptosis and stimulating 
proliferation and transdifferentation of pancreatic progenitor/duct cells into 
endocrine pancreatic cells (Xu et al. 1999, Zhou et al. 1999). GLP-1 also inhibits 
glucagon secretion, act as a satiety signal to reduce appetite, and dampen the GI 
mobility in order to alleviate excessive glucose excursion after a meal. GLP-1 
receptors are present in the endothelial cells and exogenously administered GLP-1 
receptor agonist (GLP-1 RA), liraglutide, induces nitric oxide synthesis in the 
endothelial cells which may protect against endothelial dysfunction (Hattori et al. 
2012). Indeed, rodent and human studies have shown that GLP-1 increases 
coronary BF and decreases superior mesenteric arterial BF (Ban et al. 2008, Trahair 
et al. 2015). Due to GLP-1’s beneficial metabolic and cardiac effects, GLP-1 RAs 
are widely used for the treatment of clinical diabetes and obesity (for a detailed 
review, see 2.1.6.3 and 2.1.6.4). 

Biologically active GIP is a 42-amino acid polypeptide secreted by the K-cells 
of the proximal intestine in response to intraluminal contents. It possesses similar 
pharmacokinetics as GLP-1 as it is subject to enzymatic cleavage by DPP-IV with 
resulting half-life of five minutes. After meal ingestion, GIP shares similar 
insulinotropic and glucagonostatic properties as GLP-1 and it is widely appreciated 
that GLP-1 and GIP have impact on postprandial insulin secretion. However, a 
recent study by Christensen et al. (2011) showed that during fasting and 
hypoglycemic clamp exogenous GIP caused greater glucagon rises when compared 
with saline infusion. Thus, GIP seems to be a bifunctional glucose stabilizer during 
different physiological states. In the 1980’s, Kogire et al. (1988) showed in a dog 
model that GIP has specific vascular effects in the splanchnic region. However, no 
human study has been conducted to validate these findings and their metabolic 
consequences in humans. 
 
2.1.4 Overweight and obesity 
 

  Overweight and obesity (defined as body-mass index being greater than 25 and 
30 kg/m2, respectively) is a major burden for health care systems and societies 
worldwide. Obesity is a causal factor for diabetes, hypertension and heart disease, 
dyslipidemia, obstructive sleep apnea, arthrosis and certain types of cancer (Kelly 
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et al. 2008). In Finland, the prevalence of obesity has worryingly grown in the past 
two decades and today approximately 13 % of the adult population are classified as 
obese (Prättälä et al. 2012). While certain diseases (hypothyroidism and 
hypercortisolism, monogenic forms of obesity) and medications can provoke 
obesity by themselves, by far the most fundamental causes of obesity epidemic are 
the change in diet favoring high-fat, high-carbohydrate nutrients and the decrease 
in physical activity and labor in the past 100 years in conjunction with predisposing 
genetic background. Hence, overweight and obesity can be regarded as a disease of 
multifactorial etiology. 

Humans and other vertebrates have developed elegant homeostatic mechanisms 
that prevent large variations in body weight, resulting in an extremely stable weight 
over both short and long periods of time. The long-term control of body weight is 
regulated by a coordinated feedback from adipose tissue, gastrointestinal tract and 
peripheral and central nervous system, and the afferent data is integrated in the 
arcuate and paraventricular nuclei of the ventromedial hypothalamus to adjust for 
energy intake and expenditure (Corbett & Keesey 1982). Therefore, any 
perturbation to this homeostatic state will induce compensatory mechanisms that 
aim to restore the body weight back to baseline; elevation in body weight is 
followed by an increase in resting metabolic rate, energy expenditure during 
physical activity, and sympathetic tone (Landsberg & Young 1984, Leibel et al. 
1995) whereas loss in body weight results in a decreased resting metabolic rate and 
increased parasympathetic tone. The key humoral anorexigenic signals contributing 
to the metabolic responses following weight gain include leptin secreted by the 
adipose tissue, insulin, GLP-1, and glucagon (Abraham & Lam 2016). 

Somewhat surprisingly, these metabolic and neural counter-regulatory responses 
to change in body weight are identical in both lean and obese individual who are at 
their “set-point” i.e. usual weight making it unlike that unhealthy eating habits and 
other behavioral traits are the sole contributors to obesity. In fact, many studies 
have shown that as much as 80 % of the inter-individual variation in body weight 
can be attributed to genetic factors (Bouchard 1994). The mechanisms by which 
genetic profile can affect the phenotype include adipose tissue distribution 
(visceral/subcutaneous), adipose tissue storage capacity, resting metabolic rate, 
eating behavior, and food preferences. Recent understanding on the evolution of 
obesity indicates that in our ancestors’ time some thousand years back, genotypes 
optimized for food storage during famine and feast –cycles would have given a 
positive selection pressure for today’s human population (Sellayah et al. 2014). As 
the genetic profile has not changed in the past centuries to compensate for the 
overwhelming supply of today’s nourishment, resulting in overeating and storage 
of excess energy in the adipose tissue. 

In addition to the environmental and social factors, and genes, individual 
phenotype and susceptibility to obesity are modified by the epigenetic factors 
irrespective of the genetic background per se. This is evidenced by cohort studies 
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showing that the maternal BMI at the time of pregnancy is associated with future 
health outcome, especially for cardiovascular disease and type 2 diabetes, in the 
offspring (Eriksson et al. 2014). In addition, a recent study by Ost et al. (2014) in 
Drosophila melanogaster observed that the features of obesity and metabolic state 
can be transmitted also from the paternal line via the conformational change to 
chromatin structure of the deoxyribonucleic acid. In the future, the epigenetic 
signatures of obesity (“intergenerational metabolic reprogramming”) may offer 
potential in the clinical setting, especially predicting the disease risk and for 
diagnostic purposes. 
 
2.1.5 Type 2 diabetes 
 

Diabetes (latin. dia bainein, “to go through”) equates to a disease state of 
excessive urination of undetermined etiology. While clinical diabetes can arise 
from numerous disease states and agents, the most common forms are type 1 and 
type 2 diabetes mellitus, of which only latter is detailed in the forthcoming 
chapters. Type 2 diabetes mellitus (T2D, formerly known as non-insulin dependent 
diabetes mellitus, NIDDM) is progressive, yet preventable disease that results from 
an imbalance between insulin effect on peripheral tissues and insulin secretion 
from pancreatic β-cells resulting in hyperglycemia and disturbance in intermediary 
lipid handling (DeFronzo et al. 1992). According to Finnish Social Insurance 
Institution (Kela), roughly 286 136 patients (5.2 % of the total population) received 
medication for diabetes (both type 1 and type 2) in 2013. However, recent national 
report estimates the prevalence of diabetes to be nearly 10 % of the Finnish 
population (Dehko 2000-2010) as many of the affected individuals are unaware of 
the their disease. Poorly controlled T2D is a significant contributor to non-
traumatic amputation of lower extremity, coronary artery disease, end-stage renal 
disease with dialysis, and blindness in working adult population (for a detailed 
review, see 2.1.5.2). The annual medical cost of diabetes (of all etiologies) is 
approximately 1.3 billion euros (equating 8.9 % of the whole health care budget), 
and when combined with the reduced labor supply, the total cost of diabetes for the 
Finnish economic system is over 2 billion euros rendering 1 % decrease in gross 
domestic product (Jarvala et al. 2010). In summary, while being a severe cause of 
morbidity for individual, T2D poses as a major threat to the Finnish health care 
system and society as a whole. 
 
2.1.5.1 The pathogenesis of type 2 diabetes 
 

The occurrence of T2D is largely dependent on excess weight with 50-80 fold 
increase in relative diabetes risk when BMI exceeds 35 kg/m2 when compared with 
normal-weight individuals (Chan et al. 1994). However, due to the multifactorial 
(i.e. genes and environment) nature of the disease, approximately 10 % of type 2 
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diabetic patients are normal-weight. In the lack of established criteria for T2D, 
hyperglycemic patients who do not meet the diagnostic criteria of other variants of 
the diabetes spectrum (T1D, latent autoimmune diabetes of adulthood [LADA], 
monogenic forms of diabetes or secondary diabetes) are conventionally considered 
to have T2D. 

The progression from normal to impaired glucose tolerance (IGT) to T2D is 
associated with the development of severe insensitivity, or resistance, to the effects 
of insulin in peripheral tissues leading to decreased rate of insulin-stimulated GU 
and impaired insulin-mediated inhibition of hepatic gluconeogenesis (Kolterman et 
al. 1981, Ferrannini et al. 1988, Golay et al. 1988, DeFronzo et al. 1992). 
Numerous preclinical and clinical studies have been adapted to locate the exact 
cellular mechanism responsible for the decreased insulin effect. The main 
intracellular defects in impaired insulin-dependent GU include a reduction in 
insulin receptor tyrosine kinase activity (Freidenberg et al. 1988), a decrease in 
GLUT4 and mRNA levels (Zierath et al. 1996), and a delayed and decreased 
glycogen storage capacity (Shulman et al. 1990). Further, the intracellular 
mechanisms that bring about the diminished insulin-inhibitory function on hepatic 
EGP include increased levels of gluconeogenetic precursors, hepatic insulin 
resistance and increased activity of the key enzymes involved in the 
gluconeogenetic pathway (DeFronzo et al. 1992). In early stages of glucose 
intolerance, the result of impaired insulin-stimulated GU and inadequate EGP 
inhibition (hepatic “glucostat” function) can be clinically seen after a meal or oral 
glucose load, whereby postprandial glucose levels rise above the levels observed in 
healthy individuals (greater than 7.8 mM) yet fasting normoglycemia prevails. 

Current evidence suggests that the earliest manifestation of diabetic 
pathogenesis with ensuing obesity is the inability of subcutaneous adipose tissue to 
sufficiently store surplus energy as TAG resulting in FFA spillover (Sattar & Gill 
2014). The leaked fatty acids are thus accumulated to more metabolically active 
visceral adipose tissue (Virtanen et al. 2002), and other organs. Augmented fatty 
acid utilization and ectopic fat storage in liver and muscle activate Randle cycle 
and impair insulin-dependent and –independent glucose disposal (Shulman 2014). 
Similarly, using euglycemic clamp in concert with the double tracer technique (for 
a detailed review of the methodology, see 2.3.2) in 10 patients with T2D, Bajaj et 
al. (2002) found nearly 10 % decrease in net splanchnic GU (SGU) after an oral 
glucose load when plasma FFA levels were experimentally elevated into 2.5 mM 
by means of 20 % Intralipid-infusion when compared with saline infusion. 
Alongside with weight gain, a low-grade systemic inflammation ensues, clinically 
detected by simple assays to measure acute phase proteins. In the enlarged visceral 
adipose tissue, this inflammatory response is characterized by macrophage 
infiltration and the secretion of pro-inflammatory cytokines and chemokines TNF-
α, IL-6, and MCP-1 (Tilg & Moschen 2006). In addition to storage capacity, it is 
now evident that adipose tissue functions as an endocrine organ, with multiple so-
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called adipo(cyto)kines regulating intermediary metabolism and immune system. In 
obesity states, the secretion pattern of adipokines is dramatically altered, with 
increases in pro-inflammatory leptin and resistin and decrease in anti-inflammatory 
adiponectin. This altered adipokine milieu has been shown to be associated with 
observed peripheral insulin resistance in several animal and human studies 
(Fantuzzi 2005, Kusminski et al. 2005, Yamauchi et al. 2003). Lastly, acute 
hyperglycemia per se has been shown to downregulate glucose-transport system 
and induce insulin resistance (Yki-Järvinen et al. 1987). 

With ensuing insulin resistance with impaired GU and hyperactive EGP, 
pancreatic β-cells respond to the increases in plasma glucose levels by augmenting 
their insulin secretory capacity. Therefore, it is not surprise that fasting and 
postprandial hyperinsulinemia is observed in individuals that later on develop IGT 
or T2D (Saad et al. 1989). For a few years, this compensatory increase in insulin 
secretion can warrant normoglycemia. However, during long-standing insulin-
resistant states, in time, β-cells are subject to apoptosis and resultant defect in 
insulin secretory capacity fail to compensate for the increased peripheral need in 
genetically-susceptible and –predisposed individuals (Voight et al. 2010). The 
impairment in β-cell function can be visualized in post-mortem studies, where 
diabetic patients have 30-50 % less β-cell mass than normally glucose-tolerant 
individuals. Decrease in insulin secretory capacity antedates the full-blown T2D 
with both fasting and postprandial hyperglycemia. UK Prospective Diabetes Study 
(UKPDS) revealed that after T2D diagnosis loss in β-cell function progressed 
despite pharmacological intervention. By extrapolating this data it is suggestive 
that the decline in β-cell function takes place, in fact, relatively early in the 
pathogenesis of T2D and occur largely in parallel with ensuing insulin resistance 
years before clinical diabetes with fasting hyperglycemia is present (Fig. 3) 
(Holman 1998). For further discussion regarding insulin secretory defect in T2D, 
see 2.2.2.2.1. 

While the ability of insulin to stimulate GU is largely blunted in patients with 
T2D when assessed in euglycemic clamp, the dose-response relationship between 
insulin levels and glucose disposal rate does not differ from non-diabetic controls 
when diabetic patients are clamped to the their basal hyperglycemic levels (Revers 
et al. 1984). This suggests that in full-blown T2D with fasting hyperglycemia, 
insulin-independent (i.e. mass action effect and GLUT1 –mediated [Ebeling et al. 
1998]) mechanisms have a crucial contribution to the overall glucose disposal 
during insulin-resistant and hyperglycemic states. 

Patients with T2D often have higher α– to β-cell ratio due to a decrease of the 
latter, and thus exhibit relative hyperglucagonemia in response to meal ingestion 
(Henquin & Rahier 2011). The α-cell dysfunction with impaired glucagonostasis, 
thought to result from perturbations in paracrine islet interaction, is the main 
causative factor for insufficient suppression of hepatic EGP postprandially (Consoli 
xxx 
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Figure 3. Extrapolation of the 
UKPDS data suggests that 
insulin secretory defect is a 
relatively early phenomenon in 
the pathogenesis of T2D. 
Modified from Holman (1998). 
 
 

 
 
 
 
 
 
 
et al. 1989, Unger & Orci 2010). In contrast, during fasting state relatively higher 
glucagon-to-insulin ratio increase the basal EGP by 2.8 µmol kg-1 min-1, equating 
to 72 grams of surplus glucose produced daily in 100-kg subject. 

Nauck et al. (1986) first presented that the incretin effect is largely absent in 
diabetic patients. Further studies have shown that the primary defects behind this 
phenomenon are the reduced secretion but preserved action of GLP-1 and 
preserved secretion but decreased action of GIP (Muscelli et al. 2008, Holst et al. 
2009). In the lack of longitudinal studies, it remains controversial whether the 
diminished incretin effect precedes or ensues T2D. However, a few studies 
designed to address this dilemma show that GLP-1 secretion is preserved in first-
degree relatives and metabolically healthy identical twins of diabetic patients 
suggesting that the reduced GLP-1 secretion is a consequence rather than a cause of 
glucose intolerance (Vaag et al. 1996, Nyholm et al. 1999). In contrast, discordant 
results have been obtained for GIP. Vilsboll et al. (2003) investigated patients with 
pancreatitis and found that the reduced insulinotropic action of GIP was present 
only in patients with secondary diabetes suggesting that GIP resistance follows 
glucose intolerance. However, nearly 50 % of first-degree relatives of patients with 
T2D have impaired GIP effect on insulin secretion suggesting a primary or genetic 
defect (Meier et al. 2001). Recent genome-wide association studies have identified 
a common genetic GIP receptor (GIPR) variant rs10423928, associated with 
impaired glucose– and GIP-stimulated insulin secretion, and incretin effect 
(Lyssenko et al. 2011). Surprisingly, further associations between A allele of GIPR 
rs10423928 and lower BMI, lean body-mass and waist circumference obliterated 
the diabetogenic effects of impaired incretin effect emphasizing the complexity of 
GIP effects on the intermediary metabolism. 
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2.1.5.2 Natural course of type 2 diabetes 
 

Multiple well-designed studies have shown that the progressive increase in 
peripheral and hepatic insulin resistance despite the lack of distinguishable insulin 
secretory failure initiates glucose intolerance (Lillioja et al. 1988, Saad et al. 1989). 
The resulting transient hyperglycemic episodes due to decreased insulin action 
upregulate insulin granule exocytosis and gene transcription leading to fasting and 
postprandial hyperinsulinemia which essentially can normalize plasma glucose 
levels for varying periods of time. However, in individuals that are genetically-
susceptible to β-cell dysfunction (i.e. diabetes-prone), this compensatory 
mechanism fails to operate leading to hyperglycemia (DeFronzo et al. 1992). Not 
surprisingly, one obvious explanation behind β-cell dysfunction is a worsened 
degree of insulin resistance; obese patients with glucose intolerance and diabetes 
have more pronounced insulin resistance than the patients with normal glucose 
tolerance (Ferrannini 1998, Weyer et al. 1999) leading to a rationale that nearly all 
individuals can develop glucose intolerance if insulin action severely blocked. 
While a minority of patients with T2D are of normal-weight, still a considerable 
obese population do not develop glucose intolerance and concomitant metabolic 
abnormalities due to protective genetic and environmental background. These 
patients are often described as ‘metabolically-healthy obese’ (Phillips 2013). Early 
in the pathogenesis of glucose intolerance, fasting plasma glucose levels are 
generally within the normal range whereas postprandial hyperglycemia is present 
and clinically noticeable during oral glucose tolerance test. With worsening insulin 
resistance, progressive increase in fasting plasma glucose levels is also observed. 

Longstanding T2D is associated with various acute and chronic complications. 
In contrast to type 1 diabetes, which is characterized by a nearly total loss of 
insulin-secreting β-cells due to autoimmune destruction, overt and potentially fatal 
ketoacidosis is not usually present in T2D as even minute insulin action can inhibit 
ketone-body formation. During acute illness or stress, however, the transiently 
provoked insulin resistance can lead to clinically-relevant dehydration, marked 
hyperglycemia (> 25 mM) and, at worst, coma (termed hyperosmolar nonketotic 
coma). Another feared acute complication with considerable mortality in diabetic 
patients is hypoglycemia due to excessive exogenous insulin administration, 
exercise, alcohol consumption, or insufficient diet. Although insulin resistance is 
present in T2D, insulin-independent mass action effect of glucose (Del Prato et al. 
1997) during hyperglycemia mediates increases in peripheral GU. Of note, distinct 
cell lines (namely, capillary endothelial cells of the retina, mesangial cell of the 
glomeruli, and peripheral neurons and Schwann cells) are more prone to 
hyperglycemia- and diabes –induced toxic effects than other cell lines of the body. 
Thus, chronic hyperglycemia severely increases the risk of retinopathy, 
nephropathy, and neuropathy; the diabetic microvascular complication triad 
(Turner & Holman 1995). The exact pathogenesis of these late complications are 



Review of the Literature 

 
33 

beyond the scope of this work but include the nonenzymatic formation of advanced 
glycation end-products (AGE), polyol accumulation and oxidative stress (Fowler 
2008, Giacco & Brownlee 2010). Furthermore, insulin resistance with varying-
degree of lipid abnormality and hypertension, renal failure, and the production of 
circulating advanced glycation end-products during long-standing hyperglycemia 
increase the risk of macroangiopathy, manifested as coronary artery disease, 
peripheral artery disease, and cerebrovascular disease. Lastly, the combination of 
sensory neuropathy and poor circulation in the lower extremity may lead to foot 
complications such as calluses, ulcerations, gangrene and infections often difficult 
to treat. 

The combination of hyperglycemia, microvascular complications and 
macroangiopathy results in severe disease burden for an individual with T2D. The 
results of UKPDS indicated that T2D is a major cause of dialysis-requiring end-
stage renal disease, blindness and foot amputation (Turner & Holman 1995). 
Moreover, the risk of developing cardiovascular disease – responsible for over 50 
% of all-cause mortality in type 2 diabetic patients – is three-fold when compared 
with non-diabetic age– and BMI-matched controls (Garcia et al. 1974). In fact, 
Finnish East-West study showed that the type 2 diabetic patients without previous 
myocardial infarction were at greater risk (20.2 %) of developing myocardial 
infarction than non-diabetic patients with previous myocardial infarction (18.8 %) 
during the 7-year follow-up (Haffner et al. 1998). In patients that present T2D in 
their 40’s or early 50’s, the mortality rate is 2-fold when compared with control 
population. 
 
2.1.6 Treatment strategies for obesity epidemic and type 2 diabetes 
 

According to World Health Organization (Global Strategy on Diet, Physical 
Activity and Health 2004), the high global prevalence of obesity and the comorbid 
diseases can be attributed to radical change in the environment – including 
industrialization, sedentary lifestyle and the consumption of energy-dense foods – 
during the past decades. Therefore, the prerequisite for the management of the 
obesity epidemic at the population level is a change towards an environment that is 
supporting easier access to healthy food choices and physical activity. The 
responsibility of this environmental change cannot be left solely for the healthcare 
providers and rather warrant for a collaboration between healthcare, food and drug 
industry and policy makers. At the individual level, research during the 20th and 
early 21st century has provided a multiple treatment options available for patients 
with obesity, insulin resistance and glucose intolerance. In the following 
discussion, I will briefly review these different methods to decrease the burden of 
obesity and T2D in the clinical setting. The treatment of childhood obesity and 
diabetes are not discussed. 
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2.1.6.1 Diet treatment and exercise 
 

The basis of the clinical treatment of obesity is healthy diet, aiming to reduce 
body weight (in the initiation period) and thereafter to maintain the achieved “new” 
weight (in the maintenance period). However, manny studies have shown that the 
efficacy of short-term diet is largely ineffective as up to 90-95 % of patients who 
have once lost weight will subsequently regain it (Wadden 1993). As previously 
discussed (for a detailed review, see 2.1.4), decrease in a “set-point” body weight is 
followed by a decreased resting metabolic rate and energy expenditure during 
physical activity, and increased parasympathetic tone meaning that patients who 
have once lost weight need 10-15 % fewer calories in order to maintain the new 
“normal” body weight. Leibel and Hirsch (1984) observed that this reduction in 
energy requirement in reduced-obese patients persists at least three to five years 
when weight is forced to maintain in the new “normal” level. Conversely, formerly 
obese patients require less caloric intake when compared to individuals of the same 
body weight who have never been obese (Leibel et al. 1995). 

National Nutrition Council and Finnish Diabetes Association suggest that the 
diet in patients with obesity and uncomplicated T2D should consist of 40-60 % 
carbohydrates, 25-35 % lipids, and 10-20 % protein, respectively (Virtanen et al. 
2008). The avoidance of oligosaccharides, table salt, and saturated fatty acids is 
recommended, whereas dietary fiber, fresh vegetables and fruits should be 
consumed abundantly. The diet treatment is initiated with a hypocaloric period 
aiming to achieve approximately 0.5-1 kg reduction in body weight per week, 
whereas during the maintenance period the caloric intake should equate to the 
energy consumption, which, in the new “normal” level, is less than that was prior 
to diet., as previously discussed. In patients with T2D, as little as 5 % reduction in 
body weight significantly improves insulin sensitivity, β-cell function and 
dyslipidemia, and decreases blood pressure (Franz et al. 2015). While the detailed 
pacing of weight-loss permitting diet is highly arguable, in a recent well-designed 
study by Kahleova et al. (2014), eating only two large meals during a 
hypoenergetic diet regimen resulted in a superior insulin sensitivity and glycemic 
control when compared to the equicaloric diet of six meals. 

In addition to healthy and weight reducing diet, regular aerobic exercise (two 
and half hours on most days of the week) has been shown to result in a modest 
reduction in body weight and waist circumference (Thorogood et al. 2011), and 
may improve the durability of weight loss (Fogelholm & Kukkonen-Harjula 2000). 
Resistance training (at least two times per week) in turn leads to change body 
composition, and is shown to be beneficial especially for the obese patients with 
dysglycemia and T2D even in the absence of significant weight loss (Thomas et al. 
2006). Moreover, during a 15-year follow-up (Srikanthan et al. 2016), high muscle-
to-fat ratio led to lower cardiovascular and total mortality rate in patients with 
cardiovascular disease. 
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2.1.6.2 Behavioral perspectives 
 

Achieving permanent weight loss requires substantial lifestyle modifications in 
terms of dieting and exercise. Therefore it is important that the individual has the 
motivation to lose weight and is able to pin-point the unhealthy and obesogenic 
habits. Recently, Karlsson et al. (2015) observed lowered µ-opioid receptor 
bioavailability in morbidly obese patients compared to lean controls suggesting that 
obese patients may compensate for the decreased hedonic responses of the 
opioidergic system with overeating. Consequently, better understanding of the 
psychopatholology behind overeating is crucial for novel behavioral and drug 
therapies for obesity management. 
 
2.1.6.3 Anti-obesity drugs 
 

The lipase inhibitor orlistat prevents the absorption of diet-derived lipids and has 
been shown to improve weight loss and reduce weight regain (Sjöström et al. 
1998). In addition, GLP-1 receptor agonist liraglutide 3.0 mg o.d. (Saxenda®, Novo 
Nordisk, Bagsværd, Denmark) led to additional 5.6 kg weight loss during the 1-
year follow-up when compared to placebo in non-diabetic patients with BMI over 
30 kg m-2 (Pi-Sunyer et al. 2015) supporting it’s use as an anti-obesity drug even in 
the absence of T2D. 
 
2.1.6.4 Anti-diabetic drugs 
 

In early diabetes with either fasting or postprandial hyperglycemia, diet and 
exercise regimens may be sufficient to cease the disease progression. In many 
occasions, however, pharmacological treatment is necessary. In Finland, the 
cornerstone of drug therapy in newly-diagnosed T2D is biguanidine-class 
metformin. Via multiple cellular mechanisms including the activation of 
adenosine-monophosphate activated protein kinase, metformin significantly 
decreases hepatic EGP, acts as an insulin-sensitizer in peripheral tissues, and 
increases postprandial GLP-1 levels resulting in improved glucose control with low 
prevalence of treatment-related complications (Rena et al. 2013, Mannucci et al. 
2001, UK Prospective Diabetes Study 1995). Sulphonylureas are another class of 
effective anti-diabetic compounds which lead to comparable glycemic control as 
metformin by triggering β-cell insulin secretion independent of glucose. However, 
the hypoglycemic tendency frequently associated with this class of drugs have 
largely reduced their use in Finland. 

While insulin therapy (either basal or basal/bolus) is only occasionally needed in 
newly-diagnosed T2D, they are valid drug choice for overt diabetes with significant 
insulinopenia and hyperglycemia, and during various stresses where glycemic 
control is temporarily worsened. However, long-term exogenous insulin therapy is 
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often associated with weight-gain and considerable risk of hypoglycemia. 
Importantly, recent studies have clarified that insulin therapy is associated with 
increased risk of all-cause mortality (Currie et al. 2013) when compared treatment 
with oral anti-diabetic drugs. 

During the last 10-15 years novel anti-diabetic compounds have been 
manufactured avidly. The three commonly prescribed drug classes include DPP-IV 
–inhibitors, GLP-1 RAs, and sodium-glucose cotransporter 2 (SGLT2) –inhibitors. 
The first two compound groups are based on increased GLP-1 –action resulting in 
upregulated GSIS and insulin sensitivity, and decreased appetite control and GI 
motility. For example, 5-year treatment with GLP-1 RA exenatide lead to 
significant improvements in glycemic control, weight loss, and cardiovascular risk 
markers and was well tolerated (Wysham et al. 2015). In addition, Liraglutide 
Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results 
(LEADER) study has shown that, during the median follow-up of 3.8 years, 
treatment with GLP-1 RA liraglutide resulted in lower cardiovascular mortality rate 
than the placebo (Marso et al. 2016). In contrast, SGLT2-inhibition in the renal 
tubules decrease urinary glucose reabsorption rate by 30-50 % leading to 
glucosuria, decrease in plasma glucose levels and, via attenuation of glucose 
toxicity, improved ISR (Liu et al. 2012, Tahrani et al. 2013). Other metabolic 
consequences of SGLT-2 inhibition include increase in glucagon secretion and 
EGP (Bonner et al. 2014, Ferrannini et al. 2014), accelerated ketone body 
formation (Ferrannini, unpublished data), and lower cardiovascular mortality rate 
when compared to placebo (Zinman et al. 2015). In addition to monotherapy, 
recent trend in the clinical treatment of T2D include the use of combination therapy 
– for example, DPP-IV inhibitor, GLP-1 RA or SGLT-2 inhibitor as an add-on to 
metformin – tailored to target the variable aspects (fasting and/or postprandial) of 
hyperglycemia of the individual patient. 
 
2.1.6.5 Bariatric procedures for morbid obesity and type 2 diabetes 
 

Nearly 50 years ago Mason and Ito (1967) observed that patients who had 
undergone a partial gastrectomy exhibited a significant weight loss. Since then, 
surgical procedures targeting obesity and its comorbid diseases have gained 
remarkable interest. In Finland, the amount of bariatric surgical procedures per 
annum is nearly 900, estimated to increase over the next years. Swedish Obese 
Subjects (SOS) study concluded that bariatric surgery produces a rapid (less than 6 
months) 20-30 % decrease in weight that – unlike non-pharmacological and drug 
treatment – sustained during the 15-year follow-up (Sjöström et al. 2007). 
However, a decrease in energy expenditure similar to that is observed after a low-
calorie diet also follows bariatric surgery procedures (Tam et al. 2016). 

More importantly, the prominent weight loss following bariatric surgery in 
patients with T2D is associated with 80-90 % full or partial diabetes remission rate 
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(Sjöström et al. 2004, Vella 2013), and similar results have been observed also in a 
Finnish patient cohort (Helmiö et al. 2012). The perioperative mortality rate of 
bariatric surgical procedures is less than during cholecystectomy and hysterectomy, 
and they can usually be performed by laparoscopic means. 

Currently the most widely performed bariatric procedure is Roux-en-Y gastric 
bypass (RYGB, Fig. 4A). Here, the ventricle is divided into a proximal (20-30 mL) 
and a distal pouch. The proximal pouch is anastomosed into jejunum 50-100 cm 
distal to the pyloric sphincter creating a gastrojejunostomy. The, the distal gastric 
pouch, duodenum and proximal jejunum are bypassed and anastomosed 100-150 
cm from this newly-constructed alimentary limb, creating a Y-shaped 
jejunoileostomy. The bypassed intestinal (secretory) limb transmits bile and 
pancreatic digestive secretions into the alimentary limb. Therefore, by excluding 
considerable portion of proximal intestine (foregut), the RYGB results in 
combination of malabsorption and restriction. Vertical sleeve gastrectomy (VSG, 
Fig. 4B) is another frequently performed bariatric procedure. Here, the majority of 
gastric pouch along the greater curvature is excised and removed, and the 
remaining tubular-shaped ventricle is sutured leaving the pyloric function and 
intestinal anatomy essentially unchanged creating solely restrictive gastrointestinal 
milieu without significant malabsorption. 

Jackness et al. (2013) randomized patients with T2D into two study arms, one 
undergoing RYGB and another one receiving 500 kcal very-low calorie diet 
(VLCD) without surgery. During a follow-up of 3 weeks, the patients lost equal 
amounts of body weight, and had comparable increases in insulin sensitivity and 
ISR during an intravenous glucose tolerance test (IVGTT) suggesting that caloric 
restriction per se plays an important role in the early regulation of glycemic 
homeostasis after bariatric surgery. However, as many patients exhibit clinical 
resolution of diabetes before any significant weight loss has occurred, it is likely 
that surgery-specific GI alterations play a role in the maintenance of glycemic 
control. The hindgut-hypothesis based on animal experiments states that bariatric 
surgery allows nutrients to reach distal ileum (i.e. the hindgut) more rapidly and 
unprocessed increasing the secretion of insulinotropic alimentary factor. In fact, 
Nannipieri et al. (2013) observed a dramatic increase in postprandial levels of 
GLP-1, and this was associated with improved β-cell function, comparable between 
RYGB and VSG. In a pig model, RYGB-operated animals had doubled their β-cell 
mass and exhibited 3.8-fold increase in GLP-1R immunoreactivity at 20 days post-
surgery when compared with sham-operated animals (Lindqvist et al. 2014). Taken 
together, it is now appreciated that the most evident causes of diabetes remission 
after bariatric surgery are increased peripheral and hepatic insulin sensitivity, 
improved β-cell function, and alterations in eating habits towards smaller portions 
and healthier diet preferences (le Roux & Bueter 2014). The aforementioned 
mechanisms may be consequences of both weight-loss and surgery-induced 
elevation of GLP-1. Unfortunately, there is a scarcity of evidence whether bariatric 
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surgery and concomitant weight loss has specific effects on pancreatic metabolism 
and ectopic fat accumulation. 

In early 21st century GI Dynamics, Inc. introduced a novel minimally-invasive 
and reversible technique to manage obesity, diabetes and related metabolic 
diseases. The use of the duodeno-jejunal bypass liner, or Endobarrier®, is based on 
the foregut-hypothesis of bariatric surgery (Mingrone & Castagneto-Gissey 2009). 
The hypothesis holds that by excluding the duodenum and proximal jejunum (i.e. 
the foregut) from the transit of nutrients, a secretion of so-called anti-incretin 
promoting insulin resistance and β-cell dysfunction is downregulated accounting 
for the (weight-loss independent) beneficial effects of bariatric surgery. Deployed 
during esophagogastroduodenoscopy, the bypass liner is a 60 cm long plastic 
sleeve that is proximally anchored in the duodenal bulb and protrudes into 
duodenum and jejunum allowing the biliary and pancreatic secretions to flow in 
between liner and intestinal mucosa whereas ingested nutrients contact the 
intestinal brush-border membrane at mid-jejunum thereby mimicking the 
alimentary effects of RYGB. Recent studies have shown that the use of bypass 
liner was resulted in significant excess weight, loss and in patients with T2D, 
improvements in glycemic control (Patel et al. 2013). While still considered as an 
experimental therapeutic option legalized only in few European countries, the 
endoscopic bypass liner technique highlights the importance of foregut in the 
regulation of intermediary metabolism. 
 

Figure 4. The outcomes of Roux-
en-Y gastric bypass (A) and 
vertical sleeve gastrectomy (B). 
 
 
 
 
 
 
 
 
 

 
2.2 Splanchnic functions and the metabolic regulation 
 

Splanchnic (greek. splanchna, “organ”) region entails the complex system of 
organs, their vasculature, autonomic innervation and metabolism within the 
abdominal cavity. Traditionally splanchnic organs have been divided into liver and 
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as “extrahepatic”, the latter denoting pancreas, ventricle, intestine, spleen, and 
visceral adipose tissue. The splanchnic region has multiple coincidental functions 
during the feed/fast cycle, including nutrient absorption, insulin and glucagon 
secretion, glycogen and TAG storage, gluconeogenesis, and blood pooling, 
respectively. In regards to glucose metabolism, the simultaneous bifunctionality of 
the splanchnic region can be observed in an elegant series of studies by Barret et al. 
(1985) performed in dogs; at postabsoprtion the hepatic and extrahepatic 
splanchnic net glucose balances favor release and uptake, respectively, whereas 
rapidly after the start of the hyperglycemic insulin clamp or oral glucose 
administration, the hepatic GU is stimulated whereas the extrahepatic splanchnic 
glucose balance is dependent on the mode glucose is administered (i.v. versus p.o.). 
An overview of the splanchnic glucose metabolism during hyperglycemic insulin 
clamp and oral glucose administration is shown on Figure 5. 

In humans, hyperglycemic hyperinsulinemia increases the net splanchnic 
glucose disposal to approximately 430 µmol min-1, equating 5 to 20 % of whole-
body GU (DeFronzo et al. 1978). Due to the critical role of splanchnic region in the 
intermediary metabolism, it is not surprising that the impairment in splanchnic 
organs’ function or their regulatory orchestra predispose to metabolic 
derangements and glucose intolerance. In the following discussion, current 
knowledge on splanchnic vasculature and extrahepatic splanchnic organ functions 
during feed/fast cycle is addressed, and further insight of pancreatic and intestinal 
dysfunction in the pathogenesis of dysglycemia is presented. 
 
2.2.1 Macrovascular architecture and portal venous system 
 

The arterial supply to the splanchnic region is derived from abdominal aorta via 
three main arteries, the celiac trunk, superior mesenteric artery, and inferior 
mesenteric artery, respectively. At fast, the splanchnic viscera receives 
approximately 30 % of the cardiac output, equating 1.5 liters per minute in a 70-kg 
man (Ganong 2005). The celiac trunk is the first subdiaphragmatic artery, and it 
divides soon into hepatic, gastroduodenal, and splenic artery delivering oxygenated 
blood into liver and extrahepatic splanchnic organs, respectively. The superior 
mesenteric artery supplies the majority of pancreas and small intestine, whereas 
inferior mesenteric artery supplies the colon. While liver receives arterial blood 
only via hepatic artery, extrahepatic splanchnic organs receive their arterial supply 
largely from parallel vascular circuits originated from the two superior arterial 
trunks. 

Due to the crucial role of liver in the regulation of intermediary metabolism, a 
portal venous system is present in the splanchnic region. Here, the venules 
originating from the ventricle, the pancreas, small intestine, colon and spleen are 
united ultimately to form portal vein, which drains into hepatic parenchyma. After 
xxx 



Review of the Literature 

 
40 

 
Figure 5. The effects of hyperglycemic insulin clamp and oral glucose administration on 
hepatic and extrahepatic splanchnic glucose handling in dogs. Combined hyperglycemia 
and hyperinsulinemia effectively inhibits hepatic EGP and increases hepatic GU (HGU). 
During intravenous glucose infusion, the gastrointestinal tissue glucose balance is positive 
(favor uptake), whereas after glucose ingestion intestinal glucose absorption and 
transcellular transport rate exceed the rate of extrasplanchnic basolateral GU. Modified 
from Barret et al. (1985). 
 
a meal, portal vein is rich in glucose, amino acids, insulin, and gut hormones that 
exert their specific effects on hepatic energy homeostasis. Ultimately, the venous 
drainage from the splanchnic region are mediated by three hepatic veins which are 
merged into inferior vena cava. Due to the dual blood supply of the liver, it is 
extremely cumbersome to study splanchnic circulation on organ-specific basis 
(DeFronzo 1987). Traditionally, the portal vein BF represents the extrahepatic 
splanchnic BF, whereas the combination of portal vein and hepatic artery BF 
equates with total hepatic and thus splanchnic BF. 

Based on several animal studies, at fasting state the liver receives approximately 
25 % and 75 % of its BF from hepatic artery and portal vein, respectively (Kahn et 
al. 2005). However, after meal ingestion this ratio is rapidly changed to 
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accommodate the absorption of dietary nutrients and the endocrine and exocrine 
pancreatic secretions. Importantly, via regulation of substrate availability, portal 
vein BF is a strong determinant of glucose and insulin entry into and first-pass 
extraction of the liver and therefore of whole-body intermediary metabolism (Meier 
et al. 2005). Multiple human studies have shown that after a meal ingestion or 
intraduodenal glucose administration the superior mesenteric artery BF is rapidly 
doubled when compared with fasting flow values (Gentilcore et al. 2009), whereas 
contradictory results have been obtained for celiac trunk (Moneta et al. 1988, 
Someya et al. 2008, Hamada et al. 2014). The regulation of BF within the 
splanchnic region after a meal ingestion is mediated by a variety of factors, 
including autonomic nervous system, glucose, and vasoactive substances, such as 
adenosine and incretin hormones (Jansson 1994, Matheson et al. 2000). 
Unfortunately, the knowledge regarding the vasoactive role of various substances 
within the splanchnic region is derived from animal (rodents, dogs, pigs) data, and 
studies on humans are essentially lacking. Likewise, the possible alterations in 
splanchnic vascular functions in obesity and T2D have not been addressed to a 
great extent. 
 
2.2.2 The pancreas and the islet organ 
 

The pancreas plays a crucial role in the intermediary metabolism during both 
absorptive and postabsorptive states. After meal ingestion, the pancreatic islets 
respond to increases in plasma glucose levels by secreting insulin and thereby 
maintaining normal postprandial rise in plasma glucose levels. Moreover, decrease 
in β-cell mass and concomitant impairment in insulin secretion is required for the 
progression from NGT to IGT to T2D. In addition to endocrine (i.e. islet) function, 
exocrine pancreatic acinar cells secrete digestive enzymes including trypsinogen, 
lipase, and amylase which hydrolyze dietary proteins, lipids, and carbohydrates, 
respectively. The latter is not addressed in the forthcoming chapters. 
 
2.2.2.1 Anatomy and histology 
 
The pancreas is an elongated organ, weighting approximately 100 grams in a 70-kg 
man, located behind the lesser omentum deep in the retroperitoneal space at the 
level of first and second lumbar vertebrae. This anatomical location of pancreas 
makes it extremely difficult to study in vivo. Macroscopically, pancreas can be 
divided into functionally equivalent (with minor exceptions) head and uncinate 
process, body, and tail regions (Fig. 6A). The organ receives its arterial blood 
supply from anterior inferior pancreaticoduodenal, anterior superior 
pancreaticoduodenal, caudate pancreatic, dorsal pancreatic, gastroduodenal, great 
pancreatic, inferior pancreaticoduodenal, posterior inferior pancreaticoduodenal, 
posterior superior pancreaticoduodenal, and transverse pancreatic arteries 
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originated from celiac trunk (mainly) and superior mesenteric artery (to a lesser 
extent), with considerable inter-individual variability (Okahara et al. 2009). 
Conversely, pancreas is drained by multiple small veins merging to portal vein via 
superior mesenteric and splenic veins. Parasympathetic and sympathetic 
innervation is conducted from the branches of the vagus nerve and celiac plexus of 
the sympathetic trunk, respectively. The digestive enzymes are secreted into the 
main and accessory pancreatic ducts which exit the organ to join the common bile 
duct within the hepatoduodenal ligament. The digestive enzymes are cosecreted 
with bile through the ampulla of Vater inside the duodenum. 
 

 
Figure 6. The pancreas is located retroperitoneally between the duodenum and great 
vessels of the abdominal cavity, adjacent to the hepatoduodenal ligament (A). 
Hematoxylin-eosin staining of rodent pancreas reveals the distinct exocrine and endocrine 
arrangement of the parenchyma. The pancreatic islets of Langerhans have been marked 
with white lines (B). While comprising only 2 % of pancreatic parenchyma, the large islets 
receive 10-20 % of whole pancreatic BF even during fasting state (C). Predominantly, 
arterioles perfuse the islet core and then proceed into periphery. Ultimately, blood from 
pancreas is drained into the portal vein. Modified from Jansson (1994) and Gray & Carter 
(2009). 
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Microscopically, pancreatic parenchyma has a pattern of exocrine acinar cells 
and pancreatic islets of Langerhans (Fig. 6B). Due to their different physiological 
functions, pancreas can be considered as a mixture of two separate organs, the 
exocrine secretory apparatus and the endocrine islet organ. In healthy, normally 
glucose-tolerant adult, the number of islets within the pancreas is approximately 1 
million, with a total mass of 1-gram, tail-region having twice as much islets as the 
head or the body (Wang et al. 2013). Moreover, the islets per se can be divided as 
large islets (diameter >250 µm) clustered near the larger ducts and vessels, and 
small islets distributed evenly between the acinar cells (Kahn et al. 2005). Thus, all 
of the islets within the pancreas compose the ‘islet organ’ that has a significant role 
in energy metabolism yet comprise only 2 % of the whole pancreatic volume. Islets 
are composed of five different cell types (% of the total islet cells), namely insulin-
secreting β-cells (40-70 %, approximately 1000 cells per islet), glucagon-secreting 
α-cells (15-20 %), somatostatin-secreting δ-cells (3-10 %), pancreatic polypeptide 
–secreting γ-cells (3-5 %), and ghrelin-secreting ε-cells, respectively. 
Immunohistochemical studies show that rodents have a distinct islet 
cytoarchitecture, with β-cell clustered in the core while non-β-cells are 
accumulated in the periphery of the islets (Attali et al. 2007) whereas in humans 
both β-cells and non-β-cells are distributed evenly throughout the islet to 
accommodate paracrine regulation between the different cell types (Hoang et al. 
2014). 

Although comprising only of 1-2 % of the total pancreatic volume, large islets 
consume nearly 20 % of pancreatic BF (Jansson 1994). Moreover, the arterioles in 
islets are more numerous and tortuous than in the surrounding exocrine tissue, due 
to high metabolic activity and to sensitively detect differences in blood glucose 
levels. Murine studies have shown that the nutrient artery preferentially perfuse β-
cells in the islet core and then the perimeter (Fig. 6C) (Bonner-Weir & Orci 1982). 
By the aid of microsphere technique in a rodent model, Jansson et al. (2007) 
showed that during hyperglycemic and hypoglycemic clamp, islet BF was 
significantly higher and lower, respectively, when compared with normoglycemic 
conditions, while exocrine BF was unchanged. This has also been observed by 
means of radioactively-labelled red blood cells (Nyman et al. 2010). However, it is 
likely that glucose does not exert its vascular effects per se, but via a complex 
interaction of metabolic, such as adenosine, and nervous mediators (Carlsson et al. 
2002). Previous rodent studies have also investigated the vascular effects of 
incretin hormones GLP-1 and GIP, and found that both of these hormones are able 
to regulate distribution of BF into the islets, leading to attenuation and 
augmentation of islet BF after GLP-1 and GIP injections, respectively (Svensson et 
al. 1997, Wu et al. 2012). While high islet perfusion rate has been associated with 
superior insulin secretory capacity in rats (Lau et al. 2012), human studies 
investigating the relation of pancreatic BF and glycemic control are lacking. 
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Nonetheless, these experimental results emphasize the distinct vascular patterns 
and regulations between the exocrine apparatus and the islet organ. 
 
2.2.2.2 Insulin secretion in vivo, in vitro, and in silico 
 

In β-cells, insulin precursor proinsulin is synthesized in the endoplasmic 
reticulum and is thereafter transported into membrane-bound granules. Within the 
granules, the two polypeptides of active human insulin are joined with connecting 
peptide (C-peptide). Glucose is the most potent stimulator of insulin secretion, with 
linear dose-response curve. After arriving to the islets, glucose is internalized to β-
cells insulin-independently by GLUT2, and is metabolized in aerobic glycolysis. 
The resultant increase in intracellular ATP/ADP-ratio closes the ATP-sensitive 
calcium-channels leading to cell membrane depolarization and exocytosis of 
preformed insulin granules (Ganong 2005). During granule exocytosis, insulin and 
C-peptide are enzymatically-separated, and are thus secreted in equimolar amounts. 
Thereafter, insulin exits the pancreas via venules and drains into the portal vein and 
liver. In liver, a large proportion of insulin is extracted by the hepatocytes before 
ever reaching the systemic circulation. The hepatic extraction fraction of insulin 
under steady state conditions is approximately 50 % in dogs, and between 40 and 
80 % in humans (Field 1973, Eaton et al. 1983, Polonsky et al. 1983). In fact, 
during fasting state the insulin concentration in healthy dogs in peripheral and 
portal vein are approximately 10 and 25 mU L-1, respectively. 

Normal-weight glucose tolerant individual secretes approximately 36 to 64 U of 
insulin per day. It is estimated that 50 % of this daily insulin load is secreted during 
basal state, and 50 % in response to meals (Kahn et al. 2005). During both 
postabsorptive and absorptive states, insulin is secreted in pulsatile fashion, and 
recent studies indicate that the secretory pulse amplitude in portal vein is a crucial 
mediator of hepatic insulin extraction rate leading to a nearly complete vanishment 
of this insulin pulsatility in peripheral circulation (Meier et al. 2005). 
Consequently, after meal ingestion the insulin burst mass and amplitude is 
increased to accommodate increases in plasma glucose level. In contrast to fasting 
state, wherein pulsatile ISR is stable, after glucose injection a biphasic pattern of 
insulin secretion is observed in normally glucose-tolerant individual. The first 
phase insulin secretion is rapid yet transient, and it is followed by a slowly 
increasing and modest peak. The first transient peak in insulin secretion following 
intravenous glucose administration is thought to reflect the exocytosis of preformed 
insulin granules, whereas the second phase secretion constitutes the insulin mRNA 
transcription and de novo synthesis of insulin by the β-cells whether the first phase 
insulin secretion would have not been sufficient to warrant normoglycemia, 
respectively (Grodsky 1972). Rodent studies indicate that pancreatic islets have a 
considerable functional heterogeneity; Lau et al. (2012) identified a sub-population 
(5 %) of islets characterized by a high perfusion rate and β-cell proliferation and 
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function which are responsible for the initial insulin supply after a glucose load. In 
contrast, 25-30 % of islets constitute the reservoir with minimal insulin secretion 
under normal physiological conditions, but which are thought to be recruited 
during greater metabolic needs, such as insulin resistance (Olsson & Carlsson 
2011). However, in this respect it is worth emphasizing that the β-cell mass does 
not necessarily relate to β-cell function and that further studies are needed on this 
topic. 

Amino acids are moderate stimulators of insulin secretion while lipids have only 
a modest effect on insulin secretion. Moreover, while cholinergic and adrenergic 
stimulation have been shown to augment and inhibit of insulin secretion in vitro, 
respectively, their significance in the regulation of glucose tolerance is unclear 
(Kahn 2005). In contrast, incretin hormones GLP-1 and GIP share similar 
extremely potent insulinotropic properties, and their effects on insulin secretion are 
additive (Dupre et al. 1973, Kreymann et al. 1987, Nauck et al. 1993). Once 
secreted to circulation in response to meal ingestion, GLP-1 and GIP bind to their 
respective receptors (GLP-1R, GIPR) on β-cell membrane leading to an increase in 
intracellular cyclic adenosine monophosphate (cAMP) level and which in turn 
activates cAMP-PKA and cAMP-Epac2 signaling pathways that mediate the 
insulinotropic actions of GLP-1 and GIP (Yabe & Seino 2011). By increasing the 
β-cell sensitivity to glucose, it is thought that the aforementioned hormones act 
primarily as permissive factors in the insulin secretion cascade, especially after 
meal ingestion where the incretin effect is estimated to account 50-70 % of the total 
insulin output. 

In single perfused islets in vitro, ISR is easy to quantitate. As previously 
discussed, after leaving pancreatic islets a variable proportion of insulin is extracted 
by the liver and not streamed into peripheral circulation. As portal vein cannulation 
is not feasible in humans, it is particularly difficult to obtain the prehepatic insulin 
values and thus, quantitate ISR in vivo. Consequently, during recent decades 
multiple methods have been introduced to estimate insulin output during oral or 
intravenous glucose loads. Two commonly used methods, namely C-peptide 
deconvolution (Eaton et al. 1980, Van Cauter et al. 1992) and β-cell function model 
by Mari & Ferrannini (2008) are shortly introduced. The first of the mathematical 
methods is based on the different pharmacokinetic profiles between insulin and C-
peptide; while insulin and C-peptide are secreted in equimolar amounts, hepatic 
extraction rate of C-peptide is negligible making it feasible to estimate ISR from 
peripheral C-peptide levels with a two-compartment model. In “Pisa-Padova” 
model (Fig. 7), β-cell function during OGTT is divided into three discrete 
components: 1) linear dose-response curve between plasma glucose and insulin 
secretion, signifying mean β-cell ability to sense increases in glucose levels, termed 
glucose sensitivity, 2) insulin secretory potentiation due to several factors 
(prolonged hyperglycemia, non-glucose insulin secretagogues, neural modulation), 
xxx 
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Figure 7. “Pisa-
Padova” model of 
β-cell function. 
Modified from 
Mari & Ferrannini 
(2008). 
 
 
 
 
 
 
 
 
 
 
 
 

 
termed potentiation ratio, and 3) the anticipatory component that affects insulin 
secretion as a function of change in glucose levels, typically during early phases 
after glucose loading, termed rate sensitivity (for a detailed review, see 5.5.6). In 
summary, when body-surface area (BSA), age, sex, and plasma levels of glucose, 
insulin and C-peptide during meal testing or glucose-loading are known, ISR can 
be accurately estimated by using the aforementioned mathematical models. 
 
2.2.2.2.1 β-cell dysfunction in IGT and type 2 diabetes In normally glucose-tolerant 
obese patients with significant insulin resistance, fasting and postprandial levels of 
insulin are higher and their β-cell mass is larger than in age-matched lean controls 
(DeFronzo et al. 1992). However, the imbalance between ISR and peripheral 
insulin resistance leads to an inability to ensure normoglycemia. During IGT and 
thus prediabetic state, the hyperglycemic response is only seen after glucose 
loading, whereas during full-blown T2D, both fasting and postprandial 
hyperglycemia is present. Consequently, it has widely accepted that an intrinsic 
defect in the islet organ function and insulin secretion precedes the progression 
from normal glucose tolerance to IGT to T2D. Cadaver studies have shown that in 
long-standing non-insulin dependent diabetes, β-cell mass is greatly reduced when 
compared with weight-matched normoglycemic control (Deng et al. 2004). The 
intrinsic β-cell defect (increased apoptotic rate and decreased β-cell mass and 
function) is considered to be multifactorial in etiology, with non-genetic factors 
and genetic predisposition having an equal contribution in the pathogenic process. 
In clinical practice, after an intravenous glucose load, the first phase insulin 
secretion in blunted and virtually absent in patients with IGT and diabetes, 
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respectively (Ward et al. 1984, Byrne et al. 1996). Moreover, the second phase 
insulin secretion is severely reduced. The diabetic progression can be observed as a 
rightward shift in the glucose-ISR dose-response curve suggesting a decreased 
sensitivity of β-cells to increases in plasma glucose level. This has been validated 
in a large Italian cohort; patients with impaired glucose regulation had no defect in 
the compensatory ISR to insulin resistance, but their β-cell glucose sensitivity was 
reduced by 42 % (Mari et al. 2010). The relationship between fasting plasma 
glucose levels and fasting/postprandial insulin levels resembles an inverted “U”. 
When fasting plasma glucose increases from 4.0 to 7.8 mM, a steep increase in 
fasting and postprandial insulin levels are observed. However, with further fasting 
glucose increases (i.e. from 7.8 to 11 mM), insulin levels drop to the level observed 
in normally glucose-tolerant individual (DeFronzo et al. 1989). This so-called 
Starling curve for insulin secretion prompts early and effective treatment of 
hyperglycemia in patients with established T2D, due to the progressive nature (Fig. 
3) of β-cell dysfunction in untreated T2D. 

Currently, it well-known that hyperglycemia per se impairs insulin secretory 
capacity, termed glucose toxicity. In an elegant study by Toschi et al. (2002), 
stepwise increase in glucose levels (2.8, 2.8 and 5.6 mM increments) by glucose 
bolus followed by glucose-insulin –clamp in normally glucose-tolerant individuals 
resulted in a large first phase insulin secretory response after the first 
hyperglycemic step whereas during the second hyperglycemic step insulin burst 
was clearly blunted and third hyperglycemic step failed to cause any increase in 
insulin secretion. Moreover, experimental 24-hour hyperglycemic clamp (5.4 mM 
above basal) in normally glucose-tolerant individuals resulted in 15 % and 24 % 
decreases in arginine-stimulated insulin release and disposition index, respectively 
(Solomon et al. 2012). It is prevalent that even minute increases in fasting plasma 
glucose (i.e. chronic hyperglycemia) impair the function of previously reduced β-
cell mass and thus the glucose toxicity has been appreciated as a key perpetuating 
mechanism in T2D. In contrast, the causal link between lipids and β-cell 
dysfunction is not as clear. During obesity and insulin resistance, the adipose tissue 
capacity to store surplus lipids is impaired, and the resulting FFA spill-over results 
in lipid accumulation in various non-adipose tissues, such as liver, heart, and 
pancreas. Non-oxidative metabolism of these ectopic lipids is thought to commence 
organ dysfunction and programmed cell-death, apoptosis (Kusminski et al. 2009). 
When exteriorised islets were infused with palmitate mixture, short-term exposure 
lead to a powerful potentiation of GSIS thought to compensate lipid-induced 
decrease in insulin sensitivity, while long-term exposure lead to attenuated insulin 
secretion (Chen et al. 1994). Furthermore, experiments in healthy humans support 
these in vitro observations, as acute (90-min to 6-hour) and chronic (24 to 48-hour) 
Intralipid infusions had opposing effects on β-cell function (Paolisso et al. 1995, 
Carpentier et al. 1999). Moreover, in normally glucose-tolerant individuals with no 
family history or with positive family history of diabetes elevation of FFA levels to 



Review of the Literature 

 
48 

those seen in patients with T2D (i.e. 0.5-0.6 mM) lead to an increase and a decrease 
in ISR, respectively (Kashyap et al. 2003). This latter result suggests an intrinsic, 
genetic vulnerability of β-cells to the increases in fatty acid levels and uptake as a 
consequence of obesity and insulin resistance. In contrast, Rebelos et al. (2015) 
investigated a large RISC cohort and failed to find any association between β-cell 
glucose sensitivity, acute insulin response and circulating FFA levels over wide 
range of subjects with variable glucose tolerance. Moreover, in subject with 
prediabetes (either IGT or increased fasting glucose), the plasma FFA levels did 
not predict the progression to T2D during the follow-up of 3 years. Thus the 
clinical relevance of the lipotoxicity-concept is unsettled. In addition to glucose- 
and lipotoxicity –concepts, β-cell resistance to the insulinotropic effects of GIP 
secondary to chronic hyperglycemia may perpetuate β-cell dysfunction and glucose 
tolerance (see 2.1.4.1) (Vaag et al. 1996, Nyholm et al. 1999). 

The current evidence on the effects of chronic hyperglycemia and diabetes on 
islet BF has been derived from rodent studies with largerly contradictory results. In 
a study by Dai et al. (2013), researchers found that in three insulin-resistant strains 
of mice (ob/ob, GLUT4+/-, HFD-fed wt) the capillaries in the islet β-core were 
dilated, likely due to increased nitric oxide synthase activity in response to high 
islet BF and cholinergic stimulus. The islet hyperperfusion and resultant 
hemodynamic stress has been observed in many animal models of diabetes (Wu et 
al. 2012), and may contribute to the toxic effects of glucose seen in vivo. In the 
light of this, the islet flow-attenuating effects of GLP-1 and GIP (see 2.2.2.1) 
during transient hyperglycemia – such as after meal ingestion – may in fact offer 
long-term β-cell protection. Hypothetically, the increase in islet BF after glucose 
loading serves to facilitate glucose supply to the β-cells and therefore increase the 
glucose sensitivity. However, Carlsson et al. (1996) compared islet BF in lean wt 
mice after 0.3 mg kg-1 glucose challenge with spontaneously hyperglycemic ob/ob 
mice and found that the islet BF was over 70% lower (1.8±0.3 versus 6.3±1.0 µL 
min-1 mg estimated islet wt-1) in the latter. The authors concluded that the increased 
insulin demand during chronic hyperglycemia and obesity is dealt by increasing 
islet mass per se due to inherent inability to increase islet BF. Still others have 
concluded that vascular milieu and perfusion have negligible relevance in adult 
islets (Reinert et al. 2013). To date, no human studies have investigated 
pancreatic/islet BF and their relation to β-cell function and glucose tolerance. 

Novel interesting concepts behind β-cell dysfunction including oxidative and 
endoplasmic reticulum stress (Kaneto et al. 2005) are not addressed in the present 
discussion. 

From the pathophysiological perspective, it is clear that none of the previously 
discussed β-cell stressors can induce insulin secretory dysfunction per se without 
the predisposing genotype. The high heritability and familiality rates of T2D 
emphasize the genetic background of the disease (Kahn et al. 2005). The search for 
candidate genes responsible for vulnerable β-cells has been extensive and currently 
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the number of loci implicated in the pathogenesis of T2D is roughly 60, including 
the well-known candidate genes TCF7L2, PPARG, and KCJN11 (Voight et al. 
2010, Prasad & Groop 2015). The susceptibility genes responsible for diabetic risk 
increment can be clustered by their respective pathophysiological phenotype, 
associated with increased insulin resistance (IR cluster), decreased proinsulin (PI 
cluster), reduced insulin secretion and hyperglycemia (HG cluster), reduced insulin 
secretion in the presence of increased proinsulin (BC cluster). Moreover, a plethora 
of genes have been associated with diabetes risk yet they lack any common 
phenotypic traits, hence they are unclassified (UC cluster). While the individual 
genotype is a major determinant of impaired glucose regulation, the exact cellular 
mechanisms by which the candidate genes exert their diabetogenic effect remain 
largely obscure. 
 
2.2.2.3 Pancreatic glucose and lipid metabolism 
 

Glucose is the principal fuel for oxidative metabolism in both exocrine 
apparatus and in the islets. In β-cells, however, GU and further metabolic 
processing is crucial for the adjustment of insulin secretion accordingly. While the 
data for exocrine glucose utilization is essentially lacking, considerable amount of 
research has focused on cellular uptake and sensing of glucose in β-cells. Here, 
glucose is internalized insulin-independently by GLUT2, and is thereafter 
phosphorylated by glucokinase (Matschinsky et al. 1993). A study by Liang et al. 
(1994) concluded that the islet GU after intravenous glucose injection was 
significantly impaired in db/db mice and obese Zucker rats when compared with 
control mice, paralleled with a delayed or reduced insulin release. However, as 
similar defects in insulin release were observed in other diabetic and obese rodents 
(namely BHE rats, PX rats and H.ras transgenic rats) with normal in situ GU, it is 
likely that the defective GLUT2 activity, whether present in diabetic humans or 
not, has at most minute effect on impaired ISR. Rather, these results imply that the 
primary defect in glucose sensing in the diabetic state is accounted for either 
insufficient glucose supply to the islets, or derangements in post-phosphorylation 
steps in glucose metabolism. Human studies concentrating on pancreatic/islet GU 
and concurrent glycemic alterations are lacking. 

Data derived from in vitro studies imply that pancreatic glucose and fatty acid 
metabolism are highly interrelated. Fatty acis (FA) uptake in exocrine and islet 
cells are mediated by either passive diffusion or facilitated transport, the latter 
consisting of fatty acid translocase (FAT/CD36), plasma membrane-bound fatty 
acid binding proteins (pm-FABP), and the fatty acid transporter protein family 
(FATPs). Moreover, the intracellular FA metabolism is guided by cytosolic 
FABPs. In experiments by Bazin & Lavaus (1982), the acinar cell glucose transport 
rate decreased by nearly 40 % in rats fed with high-fat diet when compared low-fat 
diet fed group. Conversely, doxycycline-induced facilitation of CD36 in rat INS-1 
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cells increased basal oleate uptake, inhibited the normal glucose-mediated 
inhibition of oleate oxidation, and markedly reduced GSIS (Wallin et al. 2010). 
Furthermore, Kim et al. (2012) observed that 12-hour incubation of rat INS-1 cells 
in high glucose (30 mM) media lead to increased CD36 and palmitate uptake in 
parallel with decreased GSIS. In the same study, siRNA-mediated inhibition of 
CD36 normalized impaired GSIS despite the hyperglycemic milieu. Similar 
interrelationships between glucose and FA metabolism in INS-1E cells have been 
observed for cytosolic FABP 3 and 5 (Hyder et al. 2010). These results imply that 
1) Randle cycle, i.e. substrate inhibition, is operational in rodent exocrine/islet 
cells, 2) increased FA uptake and oxidation during chronic hyperglycemia inhibit 
glucose metabolism and sensing accounting for clinical glucose toxicity, and 3) 
interventions to decrease β-cell FA uptake improve GSIS by enabling adequate 
glucose oxidation and sensing. The previous implications support lipotoxicity-
concept yet they are purely speculative. To verify these hypotheses, in vivo studies 
in humans are needed. 

Based on the previous findings, obesity-induced lipid spill-over leads to an 
increase in FFA uptake. In addition, human autopsy studies have observed lipid 
deposition in pancreas with increasing age and body weight (Olsen 1978), and 
further investigations in rodents have detailed that this ectopic fat accumulation 
have different behavior between exocrine and islet cells; whereas in the former 
lipids are organized as large droplets with low rate of apoptosis, in the latter lipids 
droplets are few and apoptosis is far more common occurrence (Higa et al. 1999, 
Kusminski et al. 2009). While it is assumable that the rate of FA uptake and ectopic 
fat percentage within the pancreata are interrelated and associated, to date no study 
has addressed this question. Moreover, while pancreatic fat content have been 
associated with impaired β-cell function in cross-sectional imaging studies 
(Tushuizen et al. 2007, Heni et al. 2010), these do not prove the potential causality 
between the two parameters. Recently, Hannukainen et al. (2011), compared 
pancreatic fat content in identical twins with discordant physical activity and found 
that while in the pooled data the pancreatic fat content was associated with insulin 
resistance, the authors failed to find any significant link between pancreatic fat 
content and measures of β-cell function and glucose tolerance. In summary, the 
role of pancreatic ectopic fat accumulation on β-cell function and the potential 
reversibility of the former by weight-loss regimens is currently unsettled. 
 
2.2.3 The small intestine 
 

The most salient function of the small intestine is the enzymatic degradation and 
absorption of dietary carbohydrates, lipids and proteins. In addition to this 
absorptive function, small intestine contributes to the regulation of intermediary 
metabolism by secreting a number of alimentary hormones affecting insulin 
sensitivity, secretion and GU. Intestine is the first organ to filter ingested food, and 
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during the recent decade the potential role of small intestine in the pathogenesis of 
impaired glucose regulation and diabetes have gained considerable interest. 
However, due to the venous drainage into the portal vein and inherent mobility, 
direct measurement of intestinal metabolism is challenging. 
 
2.2.3.1 Anatomy and histology 
 

The small intestine is a 3-metre long (6-metres in autopsy) tubular organ 
originating from the pyloric sphincter in the ventricle, and extending into the 
cecum (Fig. 8A). The weight of the small intestine without contents is 
approximately 600 grams making it the largest organ in the extrahepatic splanchnic 
region. Functionally and macroscopically, small intestine is divided into three 
consecutive sections, namely duodenum, jejunum and ileum, respectively, without 
clear demarcations. While duodenum is a retroperitoneal organ, jejunum and ileum 
are anchored to the posterior wall of the abdominal cavity by the mesenterium, a 
fold of membranous connective tissue that conducts the arteries, veins and 
lymphatic vessels to the small intestine. Arterial blood supply of the small intestine 
is derived from the supraduodenal, gastroduodenal, and pancreaticoduodenal 
branches of celiac trunk and from the jejunal and ileal branches of superior 
mesenteric artery, whereas the duodenal, jejunal and ileal veins drain into superior 
mesenteric and portal vein, respectively (Matheson et al. 2000). The dual extrinsic 
innervation to the small intestine is accomplished by the respective branches of the 
vagus nerve and sympathetic trunk, respectively. 

Throughout its course, small intestine is composed of four distinct layers (Fig. 
8B). Innermost layer, the mucosa, is composed of multiple villus-like structures to 
increase the absorptive area of the small intestine, and form the characteristic 
brush-border membrane. The main cell type in the brush-border membrane is the 
enterocyte, which serves the absorptive function of the small intestine. In contrast, 
crypts protrude into the base of the villi, and contain the stem cells for regenerative 
purposes. While the enterocytes and stem cells constitute the majority of cells 
found in the mucosa, there is an abundance of other cell types as well (Ganong 
2005). Mucous cells are found in the upper third of the villi, and discharge mucus 
to facilitate enzymatic degradation on the brush-border membrane. In contrast, 
hormone-secreting endocrine (such as K and L) cells and immunological Paneth 
cells can be found in depths of crypts. Located under the enterocyte layer in villi, 
the lamina propria offers structural integrity to the mucosa and is composed of 
connective tissue, small capillaries, nerves and lymphatic lacteals. Beneath the 
mucosa and a thin muscularis mucosae layer, the submucosa contains larger blood 
vessels, nerves and lymphatic ducts. Moreover, large lymphoid aggregates reside in 
the submucosa. The coordinated movement of the small intestine is accomplished 
by two layers of smooth muscle, arranged in circular and longitudinal fashion 
xxxxx 
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Figure 8. Macroscopic anatomy, vasculature and histological appearance of the small 
intestine (A-B). Current concepts on intestinal glucose handling including glucose entry to 
and from the enterocyte, oxidative metabolism and gluconeogenesis, insulin action, 
intrasplanchnic substrate cycle, and hepato-portal glucose sensor (C). GLUT2, glucose 
transporter 2; SGLT1 & 3, sodium-glucose cotransporter 1 & 3; Glc, glucose; Gly, 
glycerol; Gln, glutamine; Lac, lactate; Ala, alanine. Modified from Barret et al. (1985), 
Mithieux (2005), and Mithieux (2014). 
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beneath the submucosa (namely, muscularis externa). Lastly, the outermost layer 
of the small intestine is the serosa, composed of loose connective tissue to prevent 
friction damage with other gastrointestinal organs. 
 
2.2.3.2 Intestinal metabolism in health and obesity 
 
Enterocytes are the most crucial cells in the absorption of nutrients, water, vitamins 
and bile salts from the gut lumen, and are responsible for the glucose and lipid 
trafficking between the gut lumen and the circulation. The brush-border membrane 
located on top of the enterocyte layer contains the glycocalyx, a 0.3-micrometre 
thick layer of glycosaminoglycans and glycoproteins that bind the digestive 
enzymes thus and aid in the absorption of the ingested nutrients. Moreover, the 
peristaltic movement of the small intestine is thought to aid in the intraluminal 
degradation of ingested nutrients and absorption of the monomer structures 
(Ganong 2005). In fact, small intestine has two major networks, the Auerbach’s 
and Meissner’s plexuses located in between the circular and longitudinal muscle 
layers of the muscularis externa and within the submucosa, respectively. While the 
so-called enteric nervous system can function independently, it is connected to both 
parasympathetic and sympathetic nervous systems, with the former and latter 
increasing and decreasing the activity of intestinal smooth muscle, respectively. In 
general, the peristalsis occurs as a reflex response to the respective intestinal 
segment on which the luminal contents stretch the gut wall, and is thought to be 
mediated by serotonin and cholinergic neurons. 

After meal ingestion, intestinal BF increases by 3-fold, stays elevated for 2-3 
hours, and thereafter returns to baseline (Gentilcore et al. 2009). This postprandial 
hyperemia occurs in parallel with nutrient digestion and absorption, and 
compensates for the increased metabolic activity of the enterocyte layer. In 
response to meal-induced decrease in splanchnic vascular resistance, a subtle drop 
in blood pressure and a compensatory increase in heart rate is frequently observed 
(Gentilcore et al. 2008). The main stimuli for the postprandial hyperemia is the 
chyme passing through the intestine, and is thought to be mediated by a complex 
set of neural (mainly cholinergic), metabolic and non-metabolic factors, and 
gastrointestinal hormones. However, to date no study has addressed the solitary 
role of the various aforementioned factors on the regulation of intestinal BF in 
humans in vivo. 
 
2.2.3.2.1 Apical and basolateral glucose fluxes During the absorptive state, the 
ingested glucose is transepithelially migrated into the portal blood by the sodium-
glucose cotransporter 1 (SGLT1) operating on the apical plasma membrane and 
GLUT2 providing the exit pathway for the intracellular glucose into the 
bloodstream (Fig. 8C) (Mithieux 2005). However, the regulation of glucose fluxes 
within the enterocytes is highly complex. Immediately after glucose ingestion a 



Review of the Literature 

 
54 

transient GLUT2 translocation to the apical membrane can be visualized, thought 
to potentiate SGLT1-mediated lumen-to-blood glucose fluxes. In contrast, obese 
patients have been shown to permanently incorporate GLUT2s in the enterocyte 
apical membrane, creating a glucose exit pathway from bloodstream to gut lumen 
during fasting hyperglycemic states (Ait-Omar et al. 2011). Moreover, Tobin et al. 
(2008) showed that in human enterocytic colon carcinoma (Caco-2/TC7) cells, 
insulin treatment before glucose incubation period lead to apical GLUT2 
internalization and decreased sugar absorption rate. Lastly, the translocation of 
GLUT2 is highly dependent on intestinal BF kinetics (Helliwell & Kellett 2002). 
Taken together, these results imply that obesity, macronutrient balance in diet, and 
splanchnic BF kinetics modulate the enterocyte glucose transporter localization 
leading to potentiation of either lumen-to-blood or blood-to-lumen net glucose flux 
rate depending on the metabolic state (i.e. normoglycemia and glucose ingestion 
versus chronic hyperglycemia) and glucose gradient between bloodstream, gut 
lumen and enterocyte cytoplasm. 

It is not fully known whether insulin is operational in the regulation of 
basolateral GU during absorptive and postabsorptive states. In healthy anesthetized 
dogs, Barret et al. (1985) observed 3-fold increases in extrahepatic splanchnic 
glucose utilization rates during hyperglycemic hyperinsulinemia whereas no 
change was noticed during euglycemic hyperinsulinemia. This and the lack of 
change in glucose clearance and extraction rates suggest that the increase in 
extrahepatic SGU under hyperglycemic and hyperinsulinemic conditions is solely 
due to the increased mass action effect of glucose irrespective of the insulin action. 
However, the previous results were based on the arterio-portal differences in 
glucose levels, and thus represent net glucose balance (i.e. uptake and release) in 
the extrahepatic splanchnic region rather than unidirectional glucose fluxes across 
the enterocyte plasma membrane. Insulin-sensitizer metformin has been shown to 
greatly increase [18F]fluorodeoxyglucose ([18F]FDG) bowel uptake implying that 
insulin may indeed have an effect on basolateral gut GU (Gontier et al. 2008). No 
study has quantified insulin effect on gut GU in humans in vivo.  Moreover, 
obesity-induced alterations in the former – if any – has not been studied. 
 
2.2.3.2.2 Intestinal gluconeogenesis and portal sensor concept In healthy 
individuals, during prolonged fasting and early starvation, small intestine accounts 
for 20-25 % of the whole-body EGP in concert with liver and kidneys (Krebs 1972, 
Mithieux 2001). In fact, recent studies have shown that the enterocytes in the small 
intestine, but not in the colon, express the two rate-limiting enzymes in the 
gluconeogenetic pathway, PEPCK and Glc6Pase (Rajas et al. 1999, Rajas et al. 
2000). In the previous studies, it was appreciated that the main gluconeogenetic 
precurcors in the gut are glutamine and glycerol, whereas the oxidative metabolism 
of glucose within the enterocyte yields lactate and alanine which in turn are 
substrates for hepatic gluconeogenesis, thus creating an intrasplanchnic substrate 
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cycle (Fig. 8C) (Barret et al. 1985). As the starvation is prolonged, the relative 
proportion of gut gluconeogenesis to total EGP is increased while hepatic EGP is 
decreased. This is thought to facilitate more pronounced hepatic glucose influx and 
rebound synthesis of glycogen during long-term food deprivation. 

Moreover, Croset et al. (2001) observed that insulin infusion in 48-hours fasted 
rats lead to a complete inhibition of gut gluconeogenesis and decrease in portal 
vein glucose concentration measured by means of [3H]glucose and arterio-portal 
balance technique. In contrast, gut gluconeogenesis is stimulated by prolonged 
insulinopenia such as during early starvation, as it is not until 48-hour of fasting 
before the GlC6Pase enzyme is sufficiently expressed to participate in 
gluconeogenesis. Studies in streptozotocin-treated diabetic rats mimic the similar 
glucose kinetics even at postabsorptive state as healthy rats with greatly prolonged 
(72-hours) fasting (Mithieux et al. 2004). These results suggest that insulinopenia is 
required for the adequate gluconeogenesis to take place in the gut; that serum 
insulin concentrations found in the postabsorptive state and early starvation are 
sufficient to inhibit any significant gut gluconeogenesis; and that deficiencies in 
insulin signaling and impaired gluconeogenetic inhibition (i.e. relative rather than 
absolute insulinopenia) may play a crucial role in the pathogenesis of T2D. 
However, to date no study has addressed whether insulin resistance exists in the 
small intestine in humans. 

High porto-arterial glucose gradient and portal infusions of glucose have been 
suggested to play a direct and important role in the regulation whole-body 
metabolism. In 1960s Russek (1963) proposed that portal vein wall has neurons 
that can sense increases in portal vein glucose concentration insulin-independently 
by SGLT3 (Mithieux 2014). Thereafter, the information is transmitted to the 
central nervous system via vagal afferent fibers which modulate the orexigenic 
behavior leading to decreased food intake. In the recent decades, this hepatoportal 
glucose sensor concept have gained a considerable amount of interest and 
controversy. Rodent studies have shown that portal glucose infusion leads to an 
increased HGU, decreased insulin counter-regulation, and increase in GU in 
insulin-sensitive tissues, often leading to hypoglycemia without the rise in insulin 
levels in these experiments (Burcelin et al. 2000). Moreover, hepatic portal vein 
denervation in healthy dogs lead to significantly impaired glucose tolerance during 
OGTT whereas GLP-1 RA exenatide effects were essentially unchanged (Ionut et 
al. 2014). Troy et al. (2008) observed in a rodent study that the early beneficial 
effects of Roux-en-Y gastric bypass are due to bypassed foregut upregulating 
intestinal gluconeogenetic rate and triggering the hepatoportal sensor, whereas a 
latter study performed in humans has questioned this hypothesis (Hayes et al. 
2011). Nevertheless, autonomic nervous system and vagal projections to the 
splanchnic region seem to be crucial in the regulation of intermediary metabolism 
during feed/fast cycle and warrant further research. 
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2.2.3.2.3 Gut hormone secretion Small intestine participates in glucose disposal 
after a meal not only by regulating glucose absorption and gluconeogenetic rate but 
also by secreting a number of alimentary hormones, namely incretins GLP-1 and 
GIP, GLP-2, peptide YY, cholecystokinin, secretin, motilin, and oxyntomodylin in 
response to nutrient load encountered by the specialized hormone-secreting cells. 
In addition to their β-cell mass promoting and insulinotropic effects (for a detailed 
review, see 2.1.3.3), gut hormones regulate appetite control, gastric emptying, GI 
motility and growth, bile secretion and gallbladder contraction, and possess cardio- 
and neuroprotective functions (Holst et al. 2009). The two most studied alimentary 
hormones, incretins GLP-1 and GIP, are secreted by the L cells in the distal small 
intestine and colon and K cells located in the duodenum and proximal jejunum, 
respectively. Moreover, GLP-2 has been shown to improve intestinal barrier 
function (Benjamin et al. 2000), thereby reducing the permeability of bacterial 
products and occurrence of low-grade inflammation (for a detailed review, see 
2.2.3.2.4). 

By far the most potent stimulator of incretin hormone secretion is ingested 
glucose (Lim & Brubaker 2006), but recent studies have also proposed the role of 
lipids in the secretion of both GLP-1 and GIP, especially after a fat-rich and 
carbohydrate-deficient meal (Edfalk et al. 2008, Iwasaki et al. 2015). Moreover, in 
an elegant study by Marathe et al. (2014), increase in intraduodenal glucose 
infusion rate from 2 to 4 kcal min-1 resulted in a more prominent and sustained 
incretin response and 40 % improvement in gastrointestinal glucose disposal rate 
suggesting that the rate of gastric emptying is a significant contributor to the gut 
hormone response after a meal. Due to the inhibitory action of GLP-1 on gastric 
emptying, the relationship between the two (i.e. gastric emptying and incretin 
response) is bidirectional. As the prevalence of abnormally delayed gastric 
emptying, gastroparesis, is 30-50 % in long-standing type 1 or type 2 diabetes, the 
role of gastric emptying on postprandial glycemic excursions and incretin response 
is emphasized in hyperglycemic states (Chang et al. 2010, Phillips et al. 2015). The 
GLP-1 secretion is impaired patients with T2D and this may at least partly result 
from impaired small intestinal glucose exposure. Moreover, a recent study 
performed in rodents revealed that after bariatric surgery gastric emptying was 
significantly accelerated and was mostly responsible for the dramatic increase in 
postprandial GLP-1 levels (Chambers et al. 2014). In the same study, bypassing the 
gastric digestion with direct glucose infusion to the duodenum resulted in three 
times as high GLP-1 levels in VSG operated mice as in sham-operated control 
mice. These results suggest that incretin hormone secretion is regulated not only by 
the rate of small intestinal glucose exposure but also via complex interactions at the 
level of intestine. 
 
2.2.3.2.4 Microbiota, leaky gut hypothesis and endotoxemia Soon after birth, 
human gut is colonized by maternal and environmental bacteria, and approximately 
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1014 bacteria resides within the adult human gut constituting the microbiota (Fig. 
8C). While over 1 000 bacterial species have been identified in human and rodent 
gut, the microbiota is dominated by only a few of these, including Bacteroidetes, 
Firmicutes, and Actinobacteria families. Generally, human microbiota serves a 
number of physiological functions, including fermentation of undigested 
carbohydrates and production of short-chain fatty acids, synthesis of vitamins B 
and K, immune modulation, and metabolism of bile acids, sterols and xenobiotics 
(Ganong 2005). During the recent years, it has become evident that microbiota 
composition is not stable but highly adaptive to changes in diet and innate diseases. 
Indeed, several studies have observed higher Firmicutes:Bacteroidetes ratio in 
obese humans and animals, reversible after weight-loss regiments (Turnbaugh et al. 
2006, Ley et al. 2006). The latter observation clearly suggests that the alteration in 
microbiota composition is secondary to the obesity-rendering diet rather than being 
an innate pathology. Mice fed with high-fat, Western-style diet exhibit a 
considerable change in their microbiota with predominance of Firmicutes to that 
observed when the same mice were fed with standard chow (Delzenne et al. 2011). 
The role of gut microbiota in the pathogenesis of obesity and diabetes is 
highlighted by the fact that germ-free (GF) mice, lacking gut microbiota, are 
significantly leaner than their counterparts with intact microbiota despite 
consuming more energy (Bäckhed et al. 2004). Moreover, GF mice are very 
resistant to high-fat diet induced obesity (Rabot et al. 2010) suggesting that luminal 
bacteria participate in the regulation of intermediary metabolism. 

Several hypotheses have been introduced to explain the causal link between 
high-fat diet, altered microbiota composition and obesity. Bäckhed et al. (2004) 
concluded that the increased body weight in mice with intact microbiota was 
associated with increased adiposity and fat storage capacity. Although intestinal 
bacteria are able to produce short-chain fatty acids from unfermented 
carbohydrates, this subtle increase in fatty acid absorption is not sufficient to 
explain the drastic increases in adipose tissue volume suggesting that additional, 
yet unidentified mechanisms contribute to this pathophysiological phenomenon. 

One interesting concept between gut microbiota and glucose intolerance is the 
metabolic endotoxaemia: obesity is characterized by a systemic, low-grade 
inflammatory state manifested as slightly increased levels of C-reactive protein 
(Pickup et al. 1997, Delzenne et al. 2011). Originally Cani et al. (2007) observed 
that plasma levels of bacterial lipopolysaccharide (LPS) increased after meal 
ingestion when compared with postabsorptive state, and that mice fed with high-fat 
diet for 4-weeks experienced permanent, two- to threefold increase in LPS levels. 
Further studies have validated this metabolic endotoxemia –concept in humans as 
well (Pendyala et al. 2012). Furthermore, high plasma levels of LPS are positively 
associated with insulin and triglyceride levels, and negatively associated with high-
density lipoprotein levels, respectively, implying that endotoxemia that is 
originated from the gut leads to glucose intolerance and poor lipid homeostasis 
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(Delzenne et al. 2011). As the increase in gram-negative bacteria in response to 
high-fat diet is not sufficient to explain increases in LPS levels, it is likely that the 
barrier function of the intestinal mucosa is disrupted to permit the entry (leak) of 
bacterial products into the systemic circulation (Brun et al. 2007). However, it must 
be emphasized that the present, so-called leaky gut –hypothesis, has gained 
considerable amount of both appreciation and criticism, and the reception of novel 
information on this subject must be handled with caution. The regulation of 
intestinal tight junctions and their integrity is out of the scope of the present 
discussion, but involves a complex set of cross-talk between various factors, 
including GLP-2 and the endocannabinoid system. 
 
2.3 Established methods to measure splanchnic functions in vivo 
 

In humans and other vertebrates, the splanchnic region – both hepatic and 
extrahepatic – is a significant contributor to both postabsorptive and absorptive 
glucose disposal, and impairment in splanchnic functions antecedes the progression 
from NGT to IGT to T2D (Bajaj et al. 2002, Kahn et al. 2005). In response to meal 
and glucose ingestion, splanchnic region is responsible for β-cell glucose sensing 
and insulin secretion, upregulation of GU and oxidative/non-oxidative glucose 
metabolism, and inhibition of hepatic and intestinal gluconeogenesis. Likewise, 
adaptive changes in BF within the splanchnic bed and between organs presumably 
aid in the efficient metabolism of glucose load encountered by the body. Due to 
complex anatomy, localization deep in the abdominal cavity and dual blood supply 
of the liver, the direct measurement of splanchnic function organ-specifically is 
extremely difficult. In the following discussion, a brief review of the established 
methods to quantitate splanchnic organ glucose/lipid metabolism and BF is 
presented. 
 
2.3.1 The splanchnic/hepatic balance technique 
 

The splanchnic net glucose balance entails three parallel phenomena, the hepatic 
and intestinal glucose production, total splanchnic (i.e. hepatic and extrahepatic) 
GU, and basal or stimulated insulin secretion. While earlier studies have shown 
that both hyperglycemia (Soskin & Levine 1952), hyperinsulinemia (Madison et al. 
1960), and the combination of the two (Bergman 1977) are key triggers to switch 
the net splanchnic glucose balance from negative (release) to positive (uptake), the 
exact switch threshold on glucose handling is particularly cumbersome to detect. In 
humans, the net splanchnic glucose balance can be calculated using the arterio-
venous balance technique. Here, cannulas are inserted into the femoral artery and 
vein, and the latter is advanced into one of the hepatic veins under fluoroscopic or 
x-ray surveillance. Total splanchnic plasma flow (SPF) is measured using dilution 
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technique, usually indocyanide green (ICG) (DeFronzo 1987). The net splanchnic 
glucose balance (NSGB) is calculated as 
 

NSGB = (A-V)Gluc × SPF, 
 

and provides valuable information concerning the contribution of splanchnic 
tissues on whole-body glucose metabolism. Unfortunately, while the above 
equation yields an estimate of total glucose balance in the splanchnic bed, it does 
not allow to separate to what extent this variable is dependent on 1) SGU, 2) EGP, 
or 3) the relative contribution of hepatic and extrahepatic (gastrointestinal) tissues 
on these parameters. While the administration of [3H]glucose under steady state 
conditions in combination with arterio-venous balance technique can be used to 
estimate total EGP (for a detailed review, see 2.3.2) and total splanchnic GU in 
humans, it is not possible to differentiate hepatic and extrahepatic compartments by 
using these techniques. Moreover, the invasiveness of femoral artery and hepatic 
vein catheterization restricts its use in clinical practice. 

The cannulation of portal vein can yield reliable estimates of extrahepatic 
splanchnic glucose kinetics, but it is not practical in humans. However, in pig and 
dog models the portal vein cannulation can be performed under general anesthesia. 
The use of portal balance technique yields estimates of glucose handling in the 
compartments of splanchnic region as 
 

EHGB = (A-P)Gluc× PVPF 
HGB = (P-V)Gluc × PVPF + (A-V)Gluc× HAPF, 

 
where PVPF and HAPF denote portal vein and hepatic arterial plasma flow, 

respectively. The use of portal balance technique is challenged by the need for 
separate measurements of hepatic arterial plasma flow and portal vein plasma flow. 
These variables can be measured with either ultrasonographic probes inserted 
during surgery or with double dilution technique (ICG and bromosulfophthalein) 
(Ishida et al. 1983). The application of the splanchnic/hepatic balance technique in 
healthy dogs (Barret et al. 1985) revealed that during postabsorptive state hepatic 
glucose balance is negative favoring release of glucose whereas gastrointestinal 
tissues consume glucose. During euglycemic clamp study, HGP is decreased by 90 
% but not completely inhibited whereas gastrointestinal GU remains similar. In 
contrast, during combined hyperglycemia and hyperinsulinemia, hepatic glucose 
balance is switched from negative to positive and gastrointestinal GU is increased 
by 75 %. The authors concluded that gastrointestinal tissues play an important role 
in the glucose disposal during both fasting and prandial conditions, and account for 
20 % of the whole-body glucose disposal. 

Last, while combined catheterization technique can be used to quantitate glucose 
kinetics during various physiological states, the calculations yield only net glucose 
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balance (i.e. uptake – release) rather than unidirectional measurements. Moreover, 
as the extrahepatic region constitutes a mixture of physiologically variable organs 
(intestine, pancreas, visceral adipose tissue, spleen) with varying BF rate and 
intracellular glucose pathways (see 2.2.2.3, 2.2.3.2.1, and 2.2.3.2.2 for 
comparison), the extrahepatic results derived from catheterization technique must 
be interpreted with caution. 
 
2.3.2 The double tracer technique 
 

While the splanchnic/hepatic balance technique gives reliable and robust 
estimates of glucose kinetics during various physiological states (postabsorptive 
and absorptive states, insulin clamp), it is highly invasive and not practical in 
humans. In contrast, the double tracer technique originally presented by Pilo et al. 
(1981), and many of its modifications, relies on the use of two separate glucose 
tracers ([3H]glucose infused intravenously and [14C]glucose administered orally) to 
investigate glucose metabolism during basal (fasting) state and after an oral glucose 
load non-invasively. During the steady-state conditions, the rate of EGP equates to 
whole-body glucose disposal and can be calculated as a ratio of [3H]glucose 
infusion rate (decays per min) to plasma [3H]glucose specific activity (decays per 
mg) in a rather straightforward fashion. During absorptive state, in contrast, plasma 
glucose concentration is dependent on gastric emptying, intestinal glucose 
absorption, EGP, net splanchnic glucose extraction and peripheral glucose 
disappearance (Vella & Rizza 2009) leading to decrease in accuracy to quantitate 
the glucose fluxes, more complex calculations and an array of potential pitfalls. 
When [14C]glucose is mixed to oral glucose (or meal) solution, rate of total (RaT) 
and oral (RaO) glucose appearance and rate of disappearance (RaD) can be 
estimated to some accuracy. Here, SGU can be expressed as a substraction of RaO 
from the amount of glucose ingested (Cersosimo et al. 2011) equating with the 
amount of glucose metabolized within the splanchnic tissues and not reaching 
systemic circulation. While highly practical and widely assessed methods in 
humans, the double-tracer technique has the same drawback as the hepatic balance 
technique, i.e. its inability to distinguish hepatic from extrahepatic splanchnic 
glucose metabolism. Moreover, the innate calculations of the double-tracer 
methodology rely that the oral glucose load is entirely (100 %) absorbed, which is 
somewhat questionable. 
 
2.3.3 Positron emission tomography (PET) 
 

The clinical implementation of positron emission tomography (PET) and other 
nuclear imaging modalities in the 1980s circumvents many of the challenges 
associated with splanchnic/hepatic and double tracer techniques. PET is a nuclear 
imaging modality providing functional and quantitative information of the tissues 
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organ-specifically in vivo. Moreover, in addition to imaging during fasting state, 
PET methodology can be utilized in concert with various stimuli, including insulin 
clamp (Nuutila et al. 1992), exercise (Kemppainen et al. 2002), cold exposure 
(Virtanen et al. 2009), and meal testing (Vosselman et al. 2013). The PET 
methodology is based on the use of short-lived, positron-emitting radioactive 
isotopes (such as 18F and 15O), integrated into a natural compounds that behave 
similarly as the physiological counterparts. After administration (intravenous 
injection, ventilation, ingestion), the PET tracer is distributed and metabolized into 
body similarly as the physiological counterpart, such as glucose or fatty acids. In 
tissue, the nuclear imbalance, i.e. positron excess in the atomic nucleus, leads to β+ 
decay and an emission of a positron and a neutrino. The positron traverses a short 
distance (0.35 mm) within the tissue gradually losing its energy until it collides 
with an electron. The resulting annihilation process generates two 511 keV photons 
traveling in opposite directions. Ring-shaped detectors of the PET scanner around 
the subject are designed to detect these γ quants in a coincidental fashion (Fig. 9), 
and send the raw data to the processing unit for tomographic image reconstruction. 
Afterwards, the computerized PET quantitation (of the physiologic process) is 
performed using the designated software either manually or automatically: the 
modelling is based on the relative tracer kinetics between the input (usually blood) 
and the tissue chosen. The former can be obtained via frequent sampling of 
arterialized blood or directly from the PET image, whereas the latter is derived 
from the PET image by placing 3-dimensional volume-of-interest (for a detailed 
review, see 5.3.1) to the tissue parenchyma producing averaged time-activity curve 
of the tissue. Novel PET scanners are combined with a reference image modality, 
either computed tomography (Teräs et al. 2007) or magnetic resonance imaging 
(Zaidi et al. 2011) to allow correction for tissue attenuation and to obtain 
topographical landmark image for easier PET analysis. 

PET has become a standard imaging modality in cardiology, neurology and 
oncology. Moreover, with the introduction of more advanced PET scanners with 
higher spatial resolution and increased number of detector rows, comprehensive 
metabolic research in the splanchnic region is now possible. Indeed, previous 
studies utilizing PET methodology in Turku PET Centre have validated the use of 
PET for the quantification of hepatic glucose and lipid metabolism (Iozzo et al. 
2007, Iozzo et al. 2010), and have evidenced in vivo decreased insulin-stimulated 
hepatic GU in patients with T2D, and the operation of Randle cycle in the liver in 
healthy individuals (Iozzo et al. 2003, Iozzo et al. 2004). Studies by Virtanen et al. 
(2002) have clarified the role of visceral rather than subcutaneous adipose tissue in 
the regulation of whole-body glucose metabolism. To the best of this author’s 
knowledge, PET methodology has not been implemented to investigate pancreatic 
and/or intestinal metabolism and BF. In addition, no PET validation for the 
measurement of these extrahepatic splanchnic organ function exists. The biological 
distribution of the natural compound between organs is largely dependent on the 
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specific PET tracer chosen, all of which have their benefits and limitations. Next, a 
brief introduction of PET tracers utilized in the present work is presented. 
 

 
Figure 9. The principles of β+ decay, positron emission and annihilation, co-incidental 
detection of opposing γ quants, and PET instrumentation in a clinical setting. The PET 
methodology is very computer intensive and results in functional and organ-specific 
imaging of body functions depending on the assigned PET tracer (see text). e-, an electron; 
e+, a positron; v, a neutrino. 
 
2.3.3.1 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) 
 

Estimation of metabolic rate of glucose by means of PET has most commonly 
been performed with 2-[18F]fluoro-2-deoxy-D-glucose ([18F]fluorodeoxyglucose, 
[18F]FDG). The rationale for the use of the [18F]FDG tracer is that both glucose and 
[18F]FDG share the same transport proteins and hexo/glucokinase action in a 
competitive fashion and accumulate within the cell in proportion to each other. 
However, unlike glucose, after phosphorylation by the rate-limiting step by 
hexo/glucokinase, [18F]FDG-6-phosphate ([18F]FDG-6-P) is not a substrate for any 
known enzyme present in the mammalian cell and therefore cannot participate in 
either glycolysis, glycogen synthesis or gluconeogenesis (Lammerstma et al. 1987). 
As this assumption stands also for Glc6Pase, [18F]FDG-6-P is essentially trapped 
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within the tissues and can be used to quantitate the unidirectional uptake of 
glucose. Given the irreversible pharmacokinetic profile of [18F]FDG, the use of 
[18F]FDG model results in optimal target-to-background ratio and PET images of 
high statistical quality for the measurement of metabolic rate (MRGluc) of glucose 
(GU). Another advantage of [18F]FDG-PET is that it can be utilized in concert with 
insulin clamp (Nuutila et al. 1992) to mimic steady-state during absorption. 

Originally, [18F]FDG pharmacokinetics were quantified with Sokoloff’s three-
compartmental model, which describes tracer fluxes (rate constants) as a function 
of time between plasma and tissue unphosphorylated compartment (inflow K1 and 
outflow k2), and the phosphorylation (k3) and dephosphorylation (k4) of 
[18F]FDG/[18F]FDG-6P, respectively (Sokoloff et al. 1977, Phelps et al. 1979, Fig. 
10A). Later on, Patlak graphical analysis (Patlak & Blasberg 1985, Fig. 10B) and 
fractional uptake concept (Ishizu et al. 1994) provided simplification to the three-
compartment model by discarding pharmacokinetic constants k4 (both models) and 
Vd (volume of distribution, only fractional uptake concept). Both of the later 
methods are based on multiple blood sampling and steady state conditions during 
the imaging session and result in the influx rate constant (Ki or fractional uptake 
rate, FUR) representing a mixture of multiple steps in the compartment model. 
 

 
Figure 10. Three-compartmental pharmacokinetic model by Sokoloff et al. (1977) to 
quantitate local glucose utilization (A). An example of a plot in Patlak graphical analysis 
for HGU (B). For C1-C3, Ki, K1-k4 and Vd, see text. 
 
2.3.3.2 14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid ([18F]FTHA) 
 

Free fatty acids derived from meal or from the adipose tissue via lipolysis 
circulate in blood bound to albumin, and enter the cells either passively (minority) 
or by facilitation (majority) by fatty-acid transport proteins. PET tracer 14(R,S)-
[18F]fluoro-6-thia-heptadecanoic acid ([18F]FTHA) is a palmitate analogue that 
employs the same transportation and intracellular handling as naïve fatty acids in a 
competitive fashion. Within the mitochondria, [18F]FTHA participates in the initial 
steps of β-oxidation, but is thereafter trapped as the sulfur heteroatom blocks the 
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further metabolic steps (DeGrado et al. 2000). This trapping phenomenon leads to 
optimal target-to-background ratio necessary for the adequate PET imaging data. 
Modelling in vivo FA uptake is similar to [18F]FDG, and both Patlak graphical 
analysis and fractional uptake concept can be utilized (Guiducci et al. 2007). 
However, after tracer injection rapidly-produced label-carrying metabolites of 
[18F]FTHA do not participate in the normal pharmacokinetics of fatty acids and, if 
not corrected, would lead to underestimation of FA uptake. In fact, 30 minutes after 
injection only around 20-30 % of blood radioactivity is due to parent tracer (Labbe 
et al. 2011). Therefore, metabolite-correction for blood time-activity curve using 
high-performance liquid chromatography (HPLC) is needed. 

[18F]FTHA coupled with PET offers a non-invasive method to investigate 
tissue-specific FA uptake in vivo. Previous study by Guiducci et al. (2007) 
observed nearly 5.5-fold increase in pancreatic FA accumulation during 
hyperinsulinemia versus fasting state suggesting that insulin-mediated increase in 
pancreatic FA uptake might function as a feedback inhibitory signal to 
downregulate insulin production. However, no study have addressed the effects of 
chronically elevated pancreatic FA uptake, probable in obesity and diabetes, on 
insulin secretion and β-cell function. 
 
2.3.3.3 [15O]water ([15O]H2O) 
 

Determination of organ BF can be measured non-invasively using [15O]water 
([15O]H2O) coupled with PET. [15O]H2O is a chemically inert and freely diffusible 
tracer and as such an ideal option for estimation of tissue perfusion. The short half-
life of 15O (122 seconds) allows for a repeated measurements in dynamic 
experiments, such as meal testing or i.v. glucose loading. While [15O]H2O-PET has 
been a standard method for a quantification of myocardial and renal BF in a clinical 
setting, it has not been utilized to a great extent in the splanchnic region. In 
pancreas and small intestine, arterial blood is derived solely from the abdominal 
aorta and thus the kinetics of [15O]H2O are described with one-tissue 
compartmental model (Kety & Schmidt 1946). In contrast, liver receives a dual 
blood supply from portal vein and hepatic artery, and more complex models are 
needed for reliable flow measurements. Recent study by Kudomi et al. (2008) 
investigated the feasibility of [15O]H2O-PET to estimate portal/hepatic arterial BF 
under a steady state conditions (i.e. at fast) in healthy pigs and found that the PET-
derived flow rates were in close agreement with the reference Doppler 
ultrasonography flow values. The input function for one-tissue compartmental 
analysis can be obtained from either continuous arterial sampling (blood pump) 
data, or directly from PET image (Germano et al. 1992); this latter image-derived 
input function (ID-IF) renders [15O]H2O methodology as a truly non-invasive 
technique to study tissue-specific BF. 
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The combination of one-tissue compartment model and the newly-validated 
“gut-compartment” model by Kudomi et al. (2008) offers a promising tool for the 
measurement of flow kinetics across the whole splanchnic region. Particularly, the 
question of whether [15O]H2O coupled with PET is able to estimate islet function 
per se has gained considerable interest. As previously discussed (for a detailed 
review, see 2.2.2.1), pancreatic islets constitute only 1-2 % of the whole pancreatic 
volume, but consume nearly 20 % (and even more during i.v. glucose stimulation) 
of the organ BF (Jansson 1994). Previous study performed in anesthetized rats 
applying the microsphere technique suggested that the hyperglycemia-induced 
increase in islet BF is reflected to as higher flow of the whole pancreas (Iwase et al. 
2001). As the resolution of new-generation PET scanners is at best 25-times the 
size of an average islet (Teräs et al. 2007, Zaidi et al. 2011), direct measurement of 
islet flow with [15O]H2O-PET is currently infeasible. 
 
2.3.3.4 [15O]carbon monoxide ([15O]CO) 
 
Change in organ BF is rapidly reflected to as a change in organ blood volume, 
regarded as a more sensitive indicator of altered vascular milieu than flow per se. 
15O- or 11C-labelled carbon monoxide coupled with PET acquisition has been a 
standard imaging modality for cerebral blood volume measurements, but recent 
studies indicate that it can be applied also in the analysis of hepatic blood volume 
(Kiss et al. 2009). [15O]CO is usually administered by inhalation, and is assumed to 
be permanently bound to blood hemoglobin and distributed evenly throughout the 
body. The need for manual sampling of blood radioactivity multiple times during 
the scanning complicates [15O]CO-PET study. While it is suggestive that the ID-IF 
approach from abdominal aorta or other large-bore vessel yields accurate input for 
blood volume analysis, validation on this respect is lacking. 
 
2.3.4 Nuclear magnetic resonance imaging (NMRI) 
 

Nuclear magnetic resonance imaging (NMRI) is based on the chemical shift of 
protons (hydrogen atoms in water molecules) in a strong magnetic field and 
consequent radiofrequency emission as the chemical excitation is normalized when 
magnetism is discontinued. Therefore, the resulting 3-dimensional image is an 
approximation of water content within the tissue-of-interest. When combined with 
functional imaging modality, such as positron emission tomography, NMRI 
provides an ideal background reference image for accurate analysis especially in 
the splanchnic region where the combined tomography fails to separate various 
soft-tissues. However, the NMRI technique can be solely applied to estimate 
numerous organ parameters per se, including the non-invasive estimation of organ 
fat content. The traditional [1H] MR spectroscopy is regarded as the most sensitive 
imaging modality to estimate liver fat content (Borra et al. 2009), and it has also 
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been applied to investigate pancreatic fat content (Hannukainen et al. 2011). 
Moreover, the feasibility of measuring pancreatic fat content by novel and rapidly-
obtainable In – and Out-of-Phase MR spectroscopy method has been recently 
validated against fat-selective spectral-spatial gradient-echo imaging (Schwenzer et 
al. 2008). While both of these methods offer promise in the non-invasive 
estimation of pancreatic fat content, they are not able to differentiate parenchymal 
fat compartments (intracellular, interlobular, intralobular) and require fairly large 
(10-millimetres) and homogeneous tissue sections for image analysis. This 
prerequisite hampers their reliability in pancreatic analysis. In addition, the small 
size and irregular morphology of pancreas and the surrounding layer of visceral fat 
may be subject for MR artefacts. Finally, as pancreas is inaccessible in healthy 
humans, no study has validated [1H] MR spectroscopy or In- and Out-of-Phase 
method against histological samples. 
 
2.3.5 Computed tomography (CT) 
 

Computed tomography (CT) imaging is regarded as a standard imaging 
modality to investigate organ structure and (cardiac) BF in clinical practice. 
Coupled with PET or another functional imaging modality, it offers a rapid 
reference image for accurate analysis. However, the use of CT as an anatomical 
reference in the splanchnic region is weakened by the poor capability to 
differentiate soft-tissues, such as intestine, pancreas or blood vessels from each 
other. During recent years the ability of CT in the non-invasive estimation of organ 
fat content has been appreciated. CT-based method offers many of advantages 
lacking in the MRI-based approach, including small section thickness and short 
image acquisition time. This simple estimation is based on the decrease in tissue 
attenuation as a result of fatty infiltration and the values are conventionally 
normalized to splenic attenuation (presumed to be stable due to high blood 
content). The validation of the aforementioned methodology against histological 
samples has been published for both liver (Oliva et al. 2006) and pancreas (Kim et 
al. 2014). However, the cross-validation between MR spectroscopy and CT-based 
method in various organs has not been performed. 
 
2.3.6 Duplex ultrasonography 
 

B-type ultrasonography measurements combined with Doppler function can 
provide information concerning BF velocity in different vascular territories and 
vessels. The method is based on the use of piezoelectric crystals producing 20-kHz 
ultrasound penetrating soft-tissues and returning to the transducer from tissue 
demarcation lines. The ultrasonography measurement is easy to perform by an 
experienced operator, and the method is relatively inexpensive and do not cause 
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ionizing radiation for the study subject. Therefore, the Duplex ultrasonography has 
been growingly assessed to investigate vascular dynamics in the splanchnic region. 
In healthy humans, however, BF measurements can only be performed from the 
superior mesenteric artery and celiac artery equating total splanchnic BF 
(Gentilcore et al. 2009). In contrast, while during experimental studies in large 
animal models such as pigs, the ultrasonography probes can be inserted to the walls 
of portal vein and hepatic artery under general anesthesia (Slimani et al.. 2008), this 
methodology is not feasible in humans. After probe insertion, the Duplex 
ultrasonography can be applied to study dynamic changes in vessel BF using 
various stimuli, such as meal testing. The ultrasonography method is hampered by 
numerous challenges associated with the methodology, including air trapped within 
the bowel preventing adequate visual signal to be produced, and large inter-
observer bias. Moreover, it is not possible to measure organ perfusion and 
redistribution of BF between multiple organs simultaneously. 
 
2.3.7 Summary 
 

The splanchnic regions has a crucial role in the regulation of intermediary 
metabolism during absorptive and postabsorptive conditions, and in the 
pathogenesis of T2D. This region is positioned deep in the abdominal cavity and is 
characterized by established intrasplanchnic substrate cycles and altering BF milieu 
dependent on organ metabolism at any given time and physiological condition. 
Therefore, the direct measurement of the change in substrate concentrations and BF 
dynamics between peripheral arteries and veins fails to capture the majority of 
metabolic exchange and flow redistribution unless more sophisticated methods are 
applied. The aforementioned techniques all have their typical advantages and 
shortcomings and, ideally, complement each other in the thorough investigation of 
splanchnic functions. To date, while numerous studies have been implemented to 
gain knowledge of the splanchnic regulations as a whole, organ-specific data in the 
splanchnic region is mostly lacking. Positron emission tomography coupled with 
reference imaging modalities is a non-invasive method to measure both organ 
glucose and fatty acid metabolism, and BF kinetics organ-specifically in vivo. The 
computerized PET-analysis is easy to perform and provides reliable, repeatable, 
and quantitate information on the particular dynamic parameter. When combined 
with empirical and model parameters of insulin sensitivity, β-cell function and 
plasma concentrations of intermediary metabolites, PET methodology has an 
outstanding potential in the investigation of splanchnic organ function and BF. 
However, on the verge of new-generation scanners with high resolution, limitations 
of PET are inherent to the novelty of this methodology and no proper validation 
studies for the estimation of pancreatic and intestinal function exist. 
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3 AIMS OF THE PRESENT STUDY 
 
I. To test the feasibility of PET for the quantification of pancreatic and 

intestinal metabolism and BF in animal models (studies I, III). 
 
II. To evaluate whether obesity and type 2 diabetes alter the metabolism and BF 

of the pancreas and, if so, whether these alterations occur parallel to β-cell 
dysfunction (study I). 

 
III. To assess whether bariatric surgery and concomitant weight loss are able to 

reverse the detrimental effects of obesity on pancreatic lipid metabolism and 
BF in line with improved glycemic control in patients with and without T2D 
(study II). 

 
IV. To quantitate the effects of insulin on intestinal GU in healthy individuals 

and to test whether intestine is subject to insulin resistance in obese non-
diabetic patients (study III). 

 
V. To clarify the role of glucose and incretins, and mixed-meal on the 

physiological BF redistribution within the splanchnic vasculature in healthy 
individuals (study IV). 

 
VI. To investigate the early postoperative effects of bariatric surgery on 

splanchnic redistribution of BF during mixed-meal and GIP-infusion in 
morbidly obese patients with T2D (study V). 
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4 SUBJECTS AND STUDY DESIGN 
 
4.1 Animal and subject characteristics 
 

The current study was initiated to investigate splanchnic metabolism and BF in 
healthy controls (n = 40) and obese patients with (n = 30) and without (n = 32) 
diabetes a) during postabsorptive state, b) during insulin stimulation, c) after 
intravenous glucose loading, d) during mixed-meal, and e) during GIP- and GLP-1 
–infusions by applying PET methodology. The validation of PET for the non-
invasive estimation of splanchnic metabolism was carried out in pig and rodent 
models. The preclinical part composed of a total of 31 pigs (10 obese and 
streptozotocin-treated and 21 healthy pigs), and 12 adult mice (nine atherosclerotic 
and diabetic IGF-II/LDLR-/-ApoB100/100 and three healthy C57BL/6N mice). The 
study included data from three projects, namely SLEEVEPASS (ClinicalTrials.gov 
NCT00793143), SleevePET2 (ClinicalTrials.gov NCT01373892), and GIP-PET 
(ClinicalTrials.gov NCT01880827). 
 
4.1.1 Animals (I, III) 
 

The preclinical study consisted of a total of 31 Finnish landrace pigs and 12 
mice and their details are given in Table 1. Ten of the studied pigs were rendered 
obese and hyperglycemic by administration of high-fat diet (HFD), consisting of 
either 1.5 % cholesterol + 15 % lard (n = 6), or 4 % cholesterol + 20 % lard + 1.5 
% sodium cholate (n = 4) for six months. In addition, 50 mg/kg streptozotocin 
(Zanosar, Pharmacia & Upjohn, MI, United States) was injected to the ear vein on 
three consecutive days before the initiation of HFD. Healthy pigs received regular 
farm chow and water ad libitum. Nine of the studied mice represented IGF-
II/LDLR-/-ApoB100/100 strain and were obese and hyperlipidemic when compared 
with healthy C57BL/6N mice. The animal experiments were performed at age 6-8 
and 3-7 months in pigs and mice, respectively. Animal studies were carried out in 
the afternoons and food was deprived at 5 PM on the day before the study for pigs 
and for 4 hours prior to experiments for mice. 
 
4.1.2 Humans (I-V) 
 

Morbidly obese patients eligible for bariatric surgery were recruited to the study 
from endocrinology and gastrointestinal surgery outpatient clinics. Healthy controls 
were recruited from an occupational health service clinic and by internet 
xxxxxxxxxx 
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Table 1. Animal characteristics. 

Study Species Group n Weight (kg or g) FPG (mM) FFA (mM) 

I, III Pig 
CN 8 82 ± 9.7 6.0 ± 2.2 0.6 ± 0.3 
OB 10 126 ± 7.6a 12 ± 5.0a 1.0 ± 0.5 

I Mice CN 3 22 ± 0.6 10 ± 2.5 1.3 ± 0.4 
OB 9 28 ± 5.1 10 ± 3.7 2.1 ± 0.8 

III Pigs 
Fasting 6 30 ± 0.6 3.7 ± 4.0 0.5 ± 0.1 

Insulinemia 4 30 ± 0.5 5.0 ± 0.1a 0.1 ± 0.0a 
Data are shown as mean ± SD. CN, healthy controls; OB, obese and diabetic animals; 
FPG, fasting plasma glucose; FFA, serum free fatty acids. Weight shown as kilograms for 
pigs and as grams for mice, respectively. Main comparison within the study: aP < 0.05 
between groups. 

 
Table 2. Human characteristics. 

Study Group n M/F Age (y) Weight (kg) BMI (kg m-2) MetS (n/%) 

I 
CN 25 2/23 46 ± 10 64.8 ± 7.7 23.0 ± 2.5 0/0 
T2D 20 3/17 49 ± 7.1 114 ± 12.3a 41.2 ± 4.2a 18/90 
ND 32 1/31 41 ± 10b 120 ± 14.4a 42.9 ± 3.6a 12/38 

II 
CN 15 0/15 45 ± 12 58.0 ± 7.1 22.6 ± 2.8 0/0 
T2D 10 0/10 41 ± 11 107 ± 11.0a 40.4 ± 4.6a 10/100 
ND 13 0/13 45 ± 7.1 116 ± 17.4a 41.7 ± 4.0a 7/54 

III 
CN 8 2/6 46 ± 5.8 70.3 ± 7.1 24.0 ± 1.8 0/0 
ND 8 0/8 41 ± 8.1 118 ± 12.8a 43.9 ± 4.1a 5/63 

IV, V 
CN 15 7/8 43 ± 9.4 69.7 ± 13.7 23.7 ± 2.4 1/7 
T2D 10 2/8 52 ± 7.0a 115 ± 18.9a 40.8 ± 5.9a 10/100 

Data are shown as mean ± SD. CN, healthy controls; T2D, patients with type 2 diabetes; 
ND, obese patients without type 2 diabetes; n, number of subjects; M, male; F, female; 
BMI, body-mass index. Metabolic syndrome (MetS) was defined according to IDF 
Clinical Practice Guidelines. Main comparisons within the study: aP < 0.05 obese versus 
controls, bP < 0.05 T2D versus ND. 

 
and newspaper announcements at University of Turku and Turku University 
Hospital. Clinical screening was performed for all subjects. The inclusion criteria 
for the patient population were identical to the current eligible criteria for bariatric 
surgery, i.e.age 18-60 years, body-mass index greater than 40 kg m-2 or greater than 
35 kg m-2 and additional risk factor (diabetes, hypertension, dyslipidemia, 
obstructive sleep apnea), and failure of the past conservative treatment. Patients 
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with body-mass index greater than 60 kg m-2, weight more than 170 kg, waist 
circumference greater than 150 cm, mental or eating disorder, excessive use of 
alcohol, active peptic ulcer or insulin dependence (in patients with diabetes) were 
excluded. The inclusion criteria for the healthy control population were age 18-60 
years, body-mass index 18-27 kg m-2, fasting and 2-hour plasma glucose less than 
6.1 and 7.8 mM, respectively. Healthy controls with hypertension (blood pressure 
more than 140/90 mmHg or treatment) or any chronic disease, mental or eating 
disorder, pregnancy, or poor compliance were ultimately excluded. The 
experiments were performed after an overnight fast (12 hours), caffeine and 
nicotine were prohibited for 24 hours before the studies, alcohol consumption and 
fatty meals were prohibited for 72 hours before the studies, and recommendation to 
avoid strenuous exercise for 48 hours before the studies was given. Moreover, a 
washout period (24 hours for antihypertensives, 72 hours for anti-diabetic drugs 
excluding long-acting GLP-1 RAs, 10 weeks for long-acting GLP-1 RAs) was 
designated to terminate the effects of medication during the experiments. The 
anthropometric, biochemical and metabolic characteristics at baseline (i.e. before 
surgery for obese patients) are given in Table 2 and Table 3. 

In all of the studies control subjects were similar in terms of demographics, 
biochemical and metabolic profiles. None were taking any medication at the time 
of the study, and were classified as healthy based on medical history, physical 
examination, and laboratory assays. Age-matched obese patients in study I (n = 52) 
were gathered from two larger data sets, namely SLEEVEPASS and SleevePET2, 
describing a typical representation of patients undergoing bariatric surgery. In these 
two data collections, total number of patients with diagnosed T2D was 20 (38 % of 
the obese pool), and no diabetic complications. All of these patients received anti-
diabetic medication (metformin n = 18, DPP-IV inhibitor n = 7, thiazolidinedione n 
= 2, sulphonylurea n = 1). 26 and 14 patients were taking antihypertensive and 
lipid-lowering medication, respectively. When compared with healthy controls, 
obese group was severely insulin resistant as depicted by HOMAIR and 2h OGIS 
indices and this reflected to as higher fasting serum insulin levels. In patients with 
T2D, measures of β-cell function were significantly lower when compared with 
both healthy control group and non-diabetic obese group. 

Study II included part of the healthy controls (n = 15) and obese patients (n = 
23) from study I, with 10 (43 %) having T2D and 13 with NGT or IGT (classified 
as non-diabetic obese group, respectively).  Their anthropometrics, biochemical 
and metabolic profile were similar to as the larger groups in study I.  Study III was 
a substudy of SLEEVEPASS trial, and included healthy controls (n = 8) and obese 
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undergoing bariatric surgery. Of the obese patients nine were receiving anti-
diabetic medication (metformin n = 8, DPP IV inhibitor n = 3, long-acting GLP-1 
RA n = 1), and one was on a diet treatment. Eight and five patients were taking 
antihypertensive and lipid-lowering medication, respectively. The control subjects 
in studies IV and V were assigned to two separate study arms, denoted as control 
group A (imaging studies during mixed-meal, GIP-infusion, and GLP-1 –infusion) 
and control group B (imaging studies during 75-gram oral and 0.3-gram kg -1 

intravenous glucose loading) (for a detailed review, see 4.3.3). When compared 
with healthy controls, the obese patients had severe insulin resistance and this 
reflected to as fasting hyperinsulinemia. Moreover, their measures of β-cell 
function were impaired, and hyperglycemia as perceived by fasting plasma glucose 
and glycated hemoglobin was evident. 
 
4.2 Preclinical study designs 
 

All of the experiments were performed at postabsorptive state. For 18 pigs in the 
“PET-validation” –protocol, anesthesia was induced with an i.m. midazolam 1.0 
mg/kg (Midazolam Hameln 5 mg mL-1, Hameln Pharmaceuticals GmbH, Hamelm, 
Germany) and xylazine 4 mg/kg (Rompun vet 20 mg mL-1, Bayer Animal Health 
GmbH, Leverkusen, Germany) and maintained with a continuous infusion of 
propofol 10-50 mg kg-1 h-1 (Propofol Lipuro 20mg mL-1, B. Braun Melsungen AG, 
Melsungen, Germany). For 13 pigs in the “lumped constant” –protocol, anesthesia 
was induced and maintained with ketamine 1.5 g and pancuronium 40 mg, 
respectively. Catheters were placed in the carotid artery and femoral vein for blood 
sampling (both protocols) and administration of [18F]FDG (both protocols), [2H]G 
(“lumped constant” –protocol), glucose (“lumped constant” –protocol), and insulin 
(“lumped constant” –protocol), respectively. For 10 pigs in the “lumped constant” 
–protocol, abdominal cavity was accessed with a subcostal incision and catheter 
was sutured into the portal vein (Iozzo et al. 2007). Pigs were intubated, connected 
to the respirator and ventilated with 40 % oxygen at the frequency of 16 breaths per 
minute. In mice, anesthesia was induced (3 %) and maintained (1.8 %) with 
isoflurane (Attane vet 1000 mg g-1, Piramal Healthcare UK Limited, 
Northumberland, UK), and catheter was placed in the tail vein for blood sampling 
and [18F]FTHA administration. Before the PET acquisition in pig data, a 
transmission scan was performed to measure photon attenuation. 
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4.2.1 Validation of the splanchnic functions in vivo using [18F]FDG-PET  
(I, III) 
 
4.2.1.1 PET-validation 
 

The feasibility of PET in the non-invasive quantification of pancreatic and 
intestinal GU was addressed in eight healthy pigs and in 10 obese and 
streptozotocin-treated diabetic pigs during fasting state. After the induction of 
anesthesia and catheter placement, pigs were positioned on the scanner and an 
intravenous bolus of [18F]FDG (890 ± 180 MBq) was administered. 40 minutes 
after the injection, a set of two dynamic 20-minute (frames 4 × 300 seconds) PET 
acquisitions of the upper and lower abdomen was obtained (Fig. 11A). During the 
scanning, blood was continuously drained to measure plasma glucose and 18F-
radioactivity. At 240 minutes post-injection, the pigs were sacrified with an 
intravenous bolus of potassium chloride, abdominal cavity was accessed and tissue 
samples from pancreas (head, body and tail regions) and intestine (duodenum, 
ileum, colon) were excised for ex vivo radioactivity measurement (for a detailed 
review, see 5.2) and autoradiography analysis. The validation was performed by a 
comparison between in vivo (PET) and ex vivo (tissue samples) –derived uptake 
rates. 
 
4.2.1.2 Lumped constant (LC) 
 

Splanchnic fractional extractions and lumped constant during fasting vs. insulin-
stimulation was investigated in a total of 13 healthy pigs. After the induction 
anesthesia and catherer placement, n = 3, n = 4 and n = 6 pigs received either 
insulin (supraphysiological and physiological dose) or saline though the venous 
cannula for 240 minutes, respectively. In the hyperinsulinemic clamp study, a 
prime-continuous insulin infusion (either 5.0 or 1.0 mU kg-1 min-1) was initiated 
and euglycemia was maintained by a variable 10 % glucose infusion accordingly. 
At 60 minutes from the start of the saline/insulin infusions, boluses of [18F]FDG 
(247 ± 7.0 MBq) and [2H]G (451 ± 9 and 1043 ± 26 µmol for fasting and clamp 
studies, respectively) were coinjected and 180-minute (31 frames) dynamic PET-
acquisition of the abdomen was initiated (Fig. 11B). Arterial and portal blood was 
sampled at every time frame to measure 18F-radioactivity and [2H]G tracer-to-
tracee ratios. The latter were multiplied by plasma glucose at steady state to obtain 
absolute [2H]G concentrations. After the PET-acquisition, animals were sacrificed 
by an injection of potassium chloride. 
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Figure 11. Animal experimentation in studies I (A) and III (A, B). Upper panel (A) 
denotes the “PET-validation” –protocol performed in 18 pigs, and lower panel (B) denotes 
“lumped constant” –protocol performed in 10 pigs (n = 6 during fasting state, n = 4 during 
insulin stimulation), respectively. Rex vivo, tissue sample radioactivity; ARG, 
autoradiography analysis. 
 
4.2.2 Pancreatic biodistribution of [18F]FTHA in healthy and obese 
rodents (I) 
 

To investigate the distribution of fatty acids within the pancreatic parenchyma 
(i.e. exocrine vs. endocrine), 15 MBq bolus of [18F]FTHA was injected to three 
healthy and nine obese, diabetic and hyperlipidemic mice at postabsorptive state. 
30 minutes post-injection, animal were sacrificed by neck dislocation, abdominal 
cavity was accessed and pancreas was excised for autoradiography analysis to 
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quantitate of the distribution of [18F]FTHA between endocrine and exocrine 
parenchyma. This study did not involve molecular imaging assessment. 
 
4.3 Clinical study designs 
 

All imaging studies were performed after an overnight fast, in most cases in the 
morning. Peripheral catheters were placed on both antecubital veins, one for 
radiotracer (studies I-V), saline (studies I-V), insulin (studies I, III), glucose 
(studies I, III, IV), and/or incretin (studies IV, V) administration, and one for 
sampling of arterialized venous blood (studies I-V) throughout the scan. Studies 
were performed in the supine position, with the abdominal region placed within the 
scanner gantry. Euglycemic hyperinsulinemic clamp (studies I, III) was performed 
as previously described (DeFronzo et al. 1979). [15O]carbon monoxide (studies IV, 
V) was administered by inhalation, and the face mask was removed after 2-minute 
inhalation period, as previously described (Kiss et al. 2009). For the obese patients 
before the bariatric surgery, the imaging studies were performed prior to the start of 
the 4-week very-low calorie diet (VLCD). Bariatric procedures (either Roux-en-Y 
gastric bypass or sleeve gastrectomy) were done laparoscopically as previously 
described (Helmiö et al. 2012), and no major complications including reoperation, 
more than 7 days of ward-stay, or more than 4 units of blood transfusion were 
observed. PET acquisitions were anteceded by a transmission scan to measure and 
correct for the photon attenuation. 
 
4.3.1 Splanchnic glucose metabolism in healthy controls and obese 
patients (I, III) 
 

Pancreatic and intestinal GU in postabsorptive state and during insulin clamp 
were measured in 25 obese patients (nine with T2D) eligible for bariatric surgery 
and 10 age-matched healthy controls on two separate days (Fig. 12). The study was 
cross-sectional, case-control study, and was performed using [18F]FDG-PET. The 
anatomical reference image was obtained using separate MRI scanning. During 
clamp days, insulin (Actrapid®, Novo Nordisk, Bagsværd, Denmark) was infused 
at a steady rate of 1 mU kg-1 min-1, and euglycemia (plasma glucose 5.0 ± 0.5 mM) 
was maintained by 10 % glucose infusion. After 90 minutes from the start of the 
clamp (i.e. when steady state condition is reached), or at fast on a separate day, a 
bolus of [18F]FDG (187 ± 8.0 MBq) was injected to the peripheral vein. Seventy 
minutes after the injection, a 15-minute (frames 5 × 180 seconds) dynamic 
scanning of the abdomen was initiated. Arterialized venous blood was sampled 
throughout the experiments to measure plasma radioactivity, glucose, insulin, and 
FFA concentration. Plasma 18F-radioactivity curve was used as an input function 
for the calculations (for a detailed review, see 5.3.1). 
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Figure 12. Experiments in studies I and III were done in two separate days, i.e. at 
postabsorptive state (saline infusion) and during insulin clamp. Time interval between the 
experiments for individual subjects ranged between 1 and 57 days. White boxes denote 
insulin, glucose or saline infusion, and black box denotes PET acquisition of abdominal 
region. 
 
4.3.2 Pancreatic lipid metabolism and blood flow in healthy controls and 
obese patients, and the effects of bariatric surgery on pancreatic 
functions and on diabetes remission (I, II) 
 

Pancreatic uptake of long-chain fatty acids and BF during postabsorptive state 
were measured in 27 obese patients (11 with T2D) before and 6 months after 
bariatric surgery, and in 15 age-matched healthy controls (Fig. 13). The design was 
cross-sectional, case-control study for the whole study population, and longitudinal 
in a total of 23 obese patients. The experiments were performed once for the 
healthy controls. For the obese patients, the experiments were repeated six months 
after bariatric surgery to observe the effects of surgery and concomitant weight loss 
on the pancreatic variables. 

After an overnight fast, a CT-scan of the abdominal region was obtained for an 
anatomical reference image. An intravenous bolus (554 ± 124 MBq) of [15O]H2O 
was injected, and a 5-minute (26 frames) dynamic PET acquisition of the abdomen 
was initiated. This was followed by an [18F]FTHA injection (185 ± 46 MBq). 
Seventy minutes after the injection, 15-minute (frames 5 × 180 seconds) PET 
acquisition was obtained (Fig. 14). Arterialized venous blood was sampled 
throughout the experiments to measure plasma radioactivity, glucose, insulin, and 
FFA concentration. For FA uptake and radiowater analyses, metabolite-corrected 
plasma 18F-radioactivity curve and uncorrected ID-IF from abdominal aorta (for a 
detailed review, see 5.3.1), respectively, were used as previously described. 
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Figure 13. Flow chart for studies I and II. The experiments were performed once for the 
healthy controls, and twice (before and six months after bariatric surgery) for obese 
patients. T2D, patients with type 2 diabetes; ND, non-diabetic obese patients; VLCD, very-
low calorie diet; RYGB, Roux-en-Y gastric bypass; VSG, vertical sleeve gastrectomy. 
 

 
Figure 14. Experiments in studies I and II were performed at postabsoprtive state. Healthy 
controls were studied once, and obese patients twice, i.e. before and six months after 
bariatric surgery. White box denotes saline infusion, and black boxes denotes PET 
acquisition of the abdominal region. 
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4.3.3 Splanchnic vascular responses to mixed-meal, oral/intravenous 
glucose loading, incretin administration, and bariatric surgery in 
healthy controls and obese patients (IV, V) 
 

Splanchnic (pancreatic, intestinal, hepatic) vascular responses to meal and 
glucose ingestion, i.v. glucose loading, and incretin administration were studied in 
a total of 10 obese patients with T2D eligible for bariatric surgery and 15 healthy 
controls (Fig. 15). The aim of the study was to determine 1) the physiology of BF 
and volume redistribution within the splanchnic region and 2) between splanchnic 
versus peripheral (i.e. extrasplanchnic) tissues 3) between normoglycemic and 
hyperglycemic subjects in response to various vasoactive stimuli by using the 
[15O]H2O-PET/MRI methodology. Moreover, in obese patients the experiments 
were repeated after bariatric surgery to gain insight to the GI factors (upregulation 
of GLP-1 secretion, downregulation of GIP secretion, changes in receptor affinity) 
responsible for vascular regulation. In these patients, the experiments were repeated 
early (6-8 weeks) after bariatric surgery to minimize the effects of sole weight loss 
over GI factors. 

Subjects in control group A (n = 10, M/F = 2/8) underwent three separate 
experiments. First, abdominal MRI and baseline [15O]H2O-PET and [15O]CO-PET 
acquisitions were obtained. This was followed by either 1) ingestion of a mixed 
meal of 300 kcal and containing 37 g carbohydrates, 11.6 g fat, and 12 g protein 
(Nutridrink, Nutricia Advanced Medical Nutrition, Amsterdam, Netherlands) over 
the course of 10 minutes, 2) 80-minute infusion of human GIP acetate (Bachem 
Holding AG, Bubendorf, Switzerland) at the rate of 4 pmol kg-1 min-1 for 15 
minutes, and thereafter at the rate of 2 pmol kg-1 min-1, respectively, and 3) 80-
minute infusion of human GLP-1 (7-36) amide acetate (Bachem Holding AG, 
Bubendorf, Switzerland) at the rate of 0.75 pmol kg-1 min-1 throughout the 
experiment. Two consecutive image acquisitions were obtained at 20 and 50, and at 
40 and 70 minutes (for [15O]H2O and [15O]CO, respectively) from the start of the 
ingestion or infusion. 

In addition, control group B (n = 5, M/F = 5/0) was established to further 
investigate the splanchnic vascular effects of p.o. and i.v. glucose. Herein, subjects 
ingested oral glucose (75-gram) solution over the course of two minutes or were 
administered with 0.3 g kg-1 i.v. glucose (50 % glucose, B. Braun Melsungen AG, 
Melsungen, Germany) over the course of two minutes. Before the 
ingestion/administration, abdominal MRI was obtained for an anatomical reference 
image and 5-minute (26 frames) baseline [15O]H2O-PET acquisition was 
performed. The ingestion/administration was followed by three consecutive 
[15O]H2O-PET acquisitions (time points 10, 20 and 40 minutes post-ingestion and 
3, 15, and 25 minutes post-administration for oral and i.v. glucose loading, 
respectively) from the abdominal region. The activity of injected [15O]H2O-PET 
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and inhaled [15O]CO-PET were 495 ± 54 and 743 ± 86 mBq, respectively. 
Arterialized venous blood was sampled throughout the experiments to measure 
plasma glucose, insulin, C-peptide, GIP, GLP-1 and FFA concentration. 
Background saline infusion was constant throughout the experiments. Uncorrected 
ID-IF from abdominal aorta was used for both [15O]H2O- and [15O]CO-PET 
analyses, but arterialized venous blood after [15O]CO inhalation was gathered in six 
subjects (controls and obese) for validation purposes. The experimental protocols 
are shown in Fig. 16. 

Obese diabetic patients underwent a total of four experiments during the study, 
two before and two 6-8 weeks after bariatric surgery. The experimental design was 
similar to that in healthy control group B; however, due to radiation dosage the 
obese patients participated only in mixed-meal and GIP infusion experiments. No 
adverse effects were observed in response to meal ingestion or incretin 
administration. 

 
Figure 15. Flow chart in studies IV and V. Healthy controls were allocated to two 
experimental groups (A and B). The obese patients with T2D underwent identical 
experiments as control group B. RYGB, Roux-en-Y gastric bypass; VSG, vertical sleeve 
gastrectomy; PET/MRI a, mixed-meal; PET/MRI b, GIP infusion; PET/MRI c, GLP-1 
infusion; PET/MRI d, oral glucose loading; PET/MRI e, i.v. glucose loading. 
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4.4 Ethical considerations 
 

In regards to the preclinical studies, the principles of laboratory animal care 
were followed and permission for the study protocols were obtained from the State 
Provincial Office for Southern Finland. Prior to clinical enrollment, medical history 
was carefully assessed and physical examination with routine laboratory 
measurements was done by study physician. All subjects gave their written 
informed consent after the nature, purpose, and potential risks of the study were 
explained. After completion of the studies, a summary of the laboratory 
measurements and imaging findings were sent to participants. The Ethical 
Committee of the Hospital District of South-Western Finland approved the study 
protocols. 
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5 METHODS 
 
5.1 Tracer production (I-V) 

 
[18F]FDG was synthesized with an automatic apparatus by a modified Hamacher 

method (Hamacher et al. 1986). [18F]FTHA was synthesized by labelling 
14(R,S)tosyloxy-6-thia-heptadecanoic acid with [18F]fluoride and with HPLC, as 
described elsewhere (Takala et al. 2002). [15O]H2O and [15O]CO were produced 
using the low-energy deuteron accelerator Cyclone 3 (IBA International, Louvain-
La-Neuve, Belgium) and the diffusion-membrane technique. The radiochemical 
purity the tracers exceeded 92 % in all studies. 
 
5.2 Ex vivo radioactivity (I, III) 
 

After animal sacrifice and organ explantation, pancreatic and intestinal 
(duodenum and ileum) [18F]FDG-6P radioactivity was measured with an automated 
γ-counter (Wizard 1480 3”, Perkin-Elmer-Wallac, Turku, Finland), corrected for 
decay and normalized to the weight of the tissue specimen. Ex vivo influx rate 
constant was calculated as 
 

Ex vivo Ki = Ct(t) × (∫0T Cp(t)dt)-1, 
 

where Ct(t) and the integral of Cp(t) represent the measured tissue radioactivity and 
the area under the curve (AUC) of arterial plasma radioactivity from injection (0) 
to sacrifice (T), respectively (Haaparanta et al. 2003). Ex vivo Ki values were used 
as a golden standard against in vivo (PET) –derived values in the preclinical 
studies. 
 
5.3 PET image acquisition and processing (I-V) 
 

PET acquisitions were performed using the hybrid PET/CT scanners Discovery 
690 and Discovery VCT (General Electric Medical Systems, Milwaukee, WI, 
USA) in studies I and II, PET scanner Advance (General Electric Medical Systems, 
Milwaukee, WI, USA) in studies I and III, and the hybrid PET/MRI scanner Philips 
Ingenuity (Philips Medical Systems, Nederland B.V., The Netherlands) in studies 
IV and V. The axial field of view (FOV) was 15.7, 15.2 and 15.7 cm for Discovery 
VCT, Advance and Ingenuity, respectively. The spatial resolutions 
(radial×tangential) of the scanners were as follows: 5.9×5.5 mm for Discovery 
VCT, 5.6×4.8 mm for Advance and 5.1×5.1 mm for Ingenuity full-width at half 
maximum (FWHM). After positioning the subject to the scanner gantry, a 
transmission scan was performed to measure photon tissue attenuation. After tracer 
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administration, a dynamic ([18F]FDG, [18F]FTHA and [15O]H2O) or static 
([15O]CO) PET acquisitions of the abdominal region were carried out. All 
sinograms were corrected for dead time, decay, and measured photon attenuation, 
and reconstructed in a 256×256 matrix. During [18F]FDG and [18F]FTHA scans, 
arterialized venous blood was frequently sampled to measure plasma radioactivity, 
and during [18F]FTHA scans for label-carrying metabolites (Labbe et al. 2011).  
 
5.3.1 Regions-of-interest (ROIs) and input functions (I-V) 
 

To obtain time-activity curves (TACs) (dynamic acquisitions in studies I-V) and 
static organ data ([15O]CO images in studies IV and V), 3-dimensional regions-of-
interest were manually placed on pancreatic, intestinal and hepatic parenchyma 
using Carimas 2 software (freely downloadable at 
http://www.turkupetcentre.fi/carimas). Large free-hand ROIs were drawn in ten to 
15 consecutive planes from tail to head region of pancreas carefully avoiding 
nearby organs and especially the splenic vein passing through the posterior margin 
of pancreas. Hollow tube-shaped ROI (Fig. 17A) was placed in the vertical regions 
of duodenum, jejunum, ileum and colon, and adjusted with vertex-function to 
approximate margins of gut wall. Horizontal regions of intestine were excluded 
from the analysis to minimize spill-over caused by diaphragmatic motion. For the 
hepatic BF analysis (for a detailed review, see 5.4.3), large ROI was placed in the 
right and left lobe of the hepatic parenchyma. The resulting TACs represent 
average organ radioactivity per volume of tissue as a function of time. Intestinal 
TAC was corrected for a delay between arterial and tissue radioactivity, whereas 
delay correction for pancreatic and hepatic TACs were not considered necessary.  

For [18F]FDG and [18F]FTHA analyses, the input function was derived from 
arterialized blood radioactivity samples obtained frequently during the scanning. 
For 15O-labelled tracers, the input function was derived directly from image (ID-
IF), as described by Germano et al. (1992). In studies I, II, IV and V, ID-IF was 
extracted from the abdominal aorta, with ROIs placed four to ten image planes to 
obtain an estimate of laminar flow aortic TAC. The methodology is based on the 
following assumptions: 1) the aortic section must be circular i.e. perpendicular to 
the imaging axis, 2) zero spill-over from adjacent structures to aorta, 3) small ROIs 
(2-3mm) or less than 1/5 of aortic diameter centered on the pixel of maximum 
activity, 4) aorta must not move during the scanning. An example of such aortic 
ROI (single plane) is shown in Fig. 17B. For the hepatic BF measurements, a dual 
input function (DIF) was extracted, as described by Kudomi et al. (2008). 
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Figure 17. Hollow tube-shaped ROI placed on the descending colon in healthy control pig 
(part of study III) in [18F]FDG-PET image (A). For [15O]H2O and [15O]CO analyses, the 
input function was extracted directly from image by centering small ROIs (shown here in 
red) in an area of maximum activity in the abdominal aorta (B). Vertebral body (V), left 
kidney (K), pancreas (P), liver (L) and inferior vena cava (IVC) are positioned adjacent to 
the aorta. 
 
5.4 PET data modelling (I-V) 
 
5.4.1 Patlak graphical analysis and fractional uptake rate (I-III) 
 

In the present work, models to quantitate tissue GU are based on the irreversible 
uptake of radiotracer [18F]FDG from plasma to tissue unphosphorylated 
compartment to tissue phosphorylated compartment. As [18F]FDG-6P is not a 
substrate for tissue Glc6Pase, the dephosphorylation rate constant k4 is assumed to 
be 0 (Fig. 10A). In the Patlak graphical analysis, the graph is generated by plotting 
 

Ct(t) × Cp(t)-1 vs. ∫0T Cp(t) × Cp(t)-1, 
 

where Ct and Cp represent measured tissue and plasma radioactivity at any given 
time point. When the tracer concentration in plasma (C1) and reversible tissue 
compartment (C2) reach equilibrium, the plot becomes linear (Fig. 10B). The slope 
of the linear phase of the plot is the net influx rate constant (Ki) of [18F]FDG and 
represents a balanced combination of the constants utilized in the traditional three-
compartmental model (Sokoloff et al. 1977) as follows 
 

Ki = (K1 × k3) × (k2 + k3)-1. 
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The approximation of Patlak graphical analysis, originally presented by Ishizu et al. 
(1994), lacks the apparent distribution volume constant (Vd), and can be presented 
as 
 

FUR = Ct(t) × (∫0T Cp(t)dt)-1. 
 

When mean plasma glucose during PET imaging is known, the metabolic rate of 
glucose (GU) can be expressed as follows 

 
MRGluc = PGluc × Ki or FUR × LC-1, 

 
where PGluc and LC denote plasma glucose level and lumped constant, respectively. 
The latter parameter accounts for the differences in membrane transport and 
phosphorylation rates between glucose and [18F]FDG due to competition of the two 
(Phelps et al. 1979, Iozzo et al. 2007. Based on the preclinical data (see 5.6.1 and 
6.2), LC-values of 1.30 and 1.16 (at fast and during hyperinsulinemia, respectively) 
were used to derive intestinal GU, and LC-value of 1.0 was used to derive 
pancreatic GU. 
 
5.4.2 One-tissue compartmental analysis (I, II, IV, V) 
 

The measurement of pancreatic and intestinal BF is based on the on the principle 
of exchange of inert gas between blood and tissues, as described by Kety & 
Schmidt (1946), and on the Fick’s principle. Briefly, the latter states that the BF to 
the desired organ can be calculated when 1) the amount of marker substance taken 
up by the organ per unit of time and 2) concentration of marker substance in 
arterial and venous blood are known. Due to single arterial input function, one-
tissue compartmental (i.e. two-compartment model) analysis can be utilized. Here, 
tracer concentration in tissue as a function of time can be expressed as 
 

dCT(t) dt-1 = f × CA(t) – (f × CT(t)) p-1, 
 

where CT and CA denote [15O]H2O concentration in tissue and arterial blood, f 
denotes BF and p is the partition coefficient of water, respectively. PET-derived 
[15O]H2O-TAC is biased by the radioactivity originating from (stable) arterial 
blood pool within the tissue, and is expressed as 
 

CPET(t) = CT(t) + VA × CA(t), 
 

where CPET and VA denote tissue [15O]H2O concentration measured by PET and 
arterial volume fraction in the tissue, respectively. In the present work, VA was 
automatically estimated with a fixed upper limit of 25 %. BF is expressed as mL 
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mL-1 min-1, whereas in studies IV and V pancreatic and intestinal BF rates were 
corrected for organ volume and thereby expressed as mL min-1. For the 
aforementioned volume conversion, pancreatic volume was measured directly from 
MR derived data whereas conventional values of 60 grams (for both M/F) and 
580/540 grams (M/F) were used for duodenum and jejunum, respectively (Snyder 
et al. 1975). 
 
5.4.3 Gut compartment model (I, IV, V) 
 

Unlike pancreas and other extrahepatic splanchnic organs, liver receives dual 
blood supply from hepatic artery (20-25 %) and portal vein (75-80 %). Therefore, 
one-tissue compartmental analysis cannot be assessed for the hepatic BF 
measurements, and dual input function (DIF) is required. The gut compartment 
model presented by Kudomi et al. (2008) assumes a single compartment between 
arterial blood and gut compartment that can be utilized to estimate portal vein BF. 
The model can be expressed as 
 

CT(t) = (faCA(t) + fpCP(t)) × e-k2×t, 
 

where CT, CA and CP denote [15O]H2O concentration in tissue, arterial blood and 
portal vein blood, respectively, fa and fp denote hepatic arterial and portal vein BF, 
respectively. In the above equation, k2 is defined as (fa+fp) VL-1, where VL (mL g-1) 
is the distribution volume of water between blood and tissue. Furthermore, PET-
derived hepatic [15O]H2O-TAC is expressed as 
 

CPET(t) = (1 – V0) × (faCA(t) + fpCP(t)) × e-k2×t + V0Cinput(t), where 
 

Cinput(t) = raCA(t) + rpCP(t). 
 

Here, ra and rp are hepatic arterial and portal vein BF ratios to total hepatic BF, 
respectively. Validation study performed in 14 healthy pigs during postabsorptive 
state revealed that the hepatic BF values (fa and fp) calculated using the gut 
compartment model were in close agreement (r = 0.90, P < 0.001) with the flow 
values measured using B-type ultrasonographic probes. While the validation of the 
gut compartment model is lacking in humans due to inaccessibility of hepatic 
artery and portal vein, it is likely that the aforementioned assumptions are not 
limited to preclinical models. 
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5.4.4 Tissue blood volume (IV, V) 
 

Blood volume in splanchnic organs was measured using frequent [15O]CO 
inhalations, and blood was sampled at 4, 6 and 8 minutes from the start of the 
inhalation. The calculation of blood volume follows simple arithmetic as 
 

VB (mL 100g-1) = 100 × Ctissue × (Cblood × ρtissue × HCTSV/HCTLV)-1, 

 
where Ctissue and Cblood denote tissue (PET) and blood (manual sampling) 
radioactivity during the static scanning, respectively, and HCTSV/HCTLV denote 
tissue-specific small-to-large vessel hematocrit ratio.  
 
5.5 Calculations and analyses (I-V) 
 
5.5.1 A-P difference, LC, and extrahepatic SGU (III) 
 

Extrahepatic splanchnic fractional extractions (FE) of [18F]FDG and [2H]G were 
estimated in a total of 10 healthy pigs, six during fasting state and four during 
physiologic hyperinsulinemia. Under steady state conditions, the concentration of 
these tracers in artery (CA) and portal vein (CP) are measured and the fractional 
extraction is calculated as 
 

FEtracer = Σ(CA – CP) × ΣCA-1, 
 

where FEtracer denotes the fractional extraction (i.e. the fraction trapped between 
two blood compartments) of [18F]FDG or [2H]G across the extrahepatic splanchnic 
region (Kelley et al. 1999). Extrahepatic splanchnic lumped constant (LC) for 
[18F]FDG was defined as a ratio between FE[18F]FDG and FE[2H]G. Due to the 
prominent weight of the intestine over pancreas, visceral adipose tissue and spleen, 
the extrahepatic splanchnic LC closely approximates sole intestinal LC. The 
unidirectional extrahepatic SGU from [18F]FDG data was calculated as 
 

 Extrahepatic SGU = FEAP × fp × APGluc. 
 

In the above equation, FEAP denotes [18F]FDG fractional extraction between artery 
and portal vein, fp is the portal vein BF (measured using ultrasonographic probes) 
and APGluc is steady state glucose concentration in the arterial plasma.  
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5.5.2 Biochemical analyses (I-V) 
 

During standard oral glucose tolerance test and scanning, blood was collected to 
lithium heparin and EDTA tubes and stored at -70°C until analyses. Arterial and 
venous plasma glucose was determined in duplicate by the glucose oxidase method 
(GM9 Analyser, Analox Instruments, London, UK). Plasma lactate and serum total 
cholesterol, triglyserides, and HDL cholesterol were measured using standard 
enzymatic methods (Roche Molecular Biochemicals and Boehringer Mannheim, 
Mannheim, Germany) with a fully automated analyzer (Hitachi 704, Hitachi, 
Tokyo, Japan). Serum LDL cholesterol was calculated using the Friedewald 
equation (Friedewald et al. 1972), and serum oxidized LDL (oxLDL) was assessed 
spectrophotometrically as the amount of diene conjugation of the extracted lipids 
(Ahotupa et al. 1998). Glycated hemoglobin was measured by fast protein liquid 
chromatography (MonoS, Pharmacia, Uppsala, Sweden). Serum FFA were 
determined by an enzymatic method (ACS-ACOD Method, Wako Chemicals, 
Neuss, Germany). Serum insulin and C-peptide concentrations were measured by a 
double-antibody fluoroimmunoassays (Autodelfia, Wallac, Turku, Finland and 
Bio-Plex 200, Bio-Rad Laboratories Inc., Hercules, California, United States). To 
measure plasma GIP, GLP-1 and glucagon (studies IV and V), 25 mg of DPP-IV –
inhibitor (Diprotin-A, Sigma-Aldrich, St. Louis, Missouri, United States) and 2000 
KIE of trypsin inhibitor (Trasylol, Bayer AG, Leverkusen, Germany) were added to 
chilled EDTA tubes before blood sampling. Thereafter, analyses were performed 
by an enzyme-linked immunosorbent assay (Millipore, Billerica, Massachusetts, 
United States). 
 
5.5.3 Lipid accumulation: fat index and Fp (I, II) 
 

The lipid accumulation of pancreas was non-invasively estimated from both 
MRI (study I) and CT (studies I and II) images. The former is based on the 
different chemical shifts of water and fat in In- and Out-of-phase NMR 
methodology, and has previously been proven to be a reliable method to rapidly 
detect excessive lipid accumulation in the liver (Borra et al. 2009). T2-weighted 
images of the abdominal region (slice thickness 10 mm) were obtained using the 
1.5 Tesla Intera scanner (Philips, Best, Netherlands) and unenhanced abdominal 
CT scans (slice thickness 3.3 mm) were obtained using the hybrid Discovery VCT 
scanner. ROIs were placed in the three parts of the pancreas (head, body, tail) on 
the In-Phase and Out-of-Phase MR images. The estimate for pancreatic lipid 
accumulation was thereafter calculated by the modified Kawamitsu (Kawamitsu et 
al. 2003) method as follows  
 

FIP = (SIin – SIout) × SIin × 100, 
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where FIP denotes pancreatic fat index (as arbitrary units) and SIin and SIout denote 
NMR signal intensity in In-Phase and Out-of-Phase images, respectively. While the 
In- and Out-of-Phase method provides a rapid adiposity estimate of pancreas, it is 
weakened by the lack of validation against histological samples. In contrast, the 
CT-based method presented by Kim et al. (2014) has been shown to correlate well 
with the values derived from tissue biopsies of human patients who had undergone 
a partial pancreatectomy for malignancy, cysts or focal pancreatitis, and who had 
underwent abdominal CT scan within one month of the operation. The method is 
based on the difference in Hounsfield Unit (HU) between pancreas and spleen: 
while the ectopic fat accumulation frequently takes place in pancreas resulting in a 
decrease in CT attenuation, splenic CT attenuation remains constant due to large 
venous sinuses and low amounts of fat. ROIs were placed on the homogeneous 
pancreatic and splenic parenchyma, and the pancreatic fat accumulation (in 
percentage) was calculated as 
 

FP = –60.86 × P/S + 59.4, 
 

where FP and P/S denote pancreatic fat percentage and pancreas-to-spleen CT 
attenuation ratio, respectively (courtesy of Dr. So Yeon Kim). Cross-validation 
between the methods (In- and Out-of-Phase and CT-based methods) was performed 
in the present work. 
 
5.5.4 Volume analysis (I, II, IV, V) 
 

Pancreatic and hepatic (acquisition in studies I, II, IV and V: see above; 
acquisition in studies IV and V: T2-weighted balanced turbo field echo (BTFE) 
images of the abdominal region [slice thickness 5.5 mm] were obtained using the 
3.0 Tesla Ingenuity scanner) volumes were measured manually from the MR and 
CT images by placing ROI in plane-by-plane fashion to the margins of organs, 
carefully avoiding the inclusion of nearby organs, visceral adipose tissue and extra- 
and intraorgan blood vessels. The pancreatic and hepatic volumes were used to 
adjust the BF and volume results per 100-gram of tissue to total organ BF and 
volume (i.e. per organ), respectively. 
 
5.5.5 Whole-body glucose uptake, and insulin sensitivity (I-V) 
 

A prime-continuous insulin infusion of 1 mU kg-1 min-1 is administered to 
subjects, and a glucose infusion is initiated to maintain euglycemia (5.0 mM). The 
glucose infused over the rate of the experiment equates with the amount of glucose 
translocated out of the plasma glucose space (DeFronzo et al. 1979). Whole-body 
GU (i.e. glucose metabolized, M-value) was calculated after reaching the steady 
state conditions. The M-value is expressed per kg of lean body-mass. 
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The surrogate indices for insulin sensitivity were calculated in all studies. 
Homeostatic model assessment for insulin resistance (HOMAIR) was calculated as 
previously described (Matthews et al. 1985), and represents an estimate of insulin 
resistance as a fraction to 1.0, a value found in lean individuals. While practical and 
easy to calculate, HOMAIR is based only on fasting glucose and insulin values and 
thus not regarded as the most accurate surrogate index. In contrast, model-derived 
estimate of insulin sensitivity (2h OGIS) by Mari et al. (2001) was calculated from 
the 2-hour OGTT data. The calculation is based on the established principles on 
glucose kinetics and insulin action and takes into account subject-specific factor 
such as age, sex and BMI and thus can be regarded as an accurate surrogate index 
for insulin sensitivity. 
 
5.5.6 Empirical and model parameters of β-cell function (I, II, IV, V) 
 

The main culprit behind the progression from NGT to IGT and to overt T2D is 
the decrease in β-cell function and insulin secretion rate against prevailing glucose 
levels. While fasting serum insulin level offers a robust estimate of insulin 
secretory capacity, it is a poor marker of β-cell function, due to notable and highly 
variable hepatic insulin extraction and whole-body sensitivity to insulin. Moreover, 
fasting serum insulin levels do not account for the changes in plasma glucose 
levels, the most potent insulin secretagogue. Thus, the estimation of the many 
aspects of β-cell function by more sophisticated methods is justified. The 
insulinogenic index (IGI) was calculated as a ratio of the change between 30-min 
and fasting values of insulin and glucose during OGTT, respectively. 

Moreover, the “Pisa-Padova” model (Fig. 7) of β-cell function was assessed in 
studies I, II, IV, and V. The model, which is based on the observation in isolated 
perfused pancreata and clinical experience, depicts three distinct components of β-
cell function. The first one is the linear dose-response relationship between 
absolute plasma glucose concentration and insulin secretion rate, and elucidates the 
extent of insulin secretion rate increment to the increases in plasma glucose. The 
slope of the dose-response curve is called glucose sensitivity, and is independent of 
peripheral insulin resistance. Moreover, recent cohort study revealed that the 
decrease in glucose sensitivity is the key defect in impaired glucose tolerance (Mari 
et al. 2010). The relationship between plasma glucose and ISR is modulated by a 
time-varying potentiation of insulin secretion by several factors (alimentary 
hormones, neural modulation, non-glucose secretagogues) during oral glucose and 
meal testing. This results in higher ISR during the descending phase of 
hyperglycemia than during the increasing phase with similar glucose 
concentrations. The ratio between 2-hour and baseline potentiation is called 
potentiation factor ratio and has been shown to be largely blunted in patients with 
T2D (Mari et al. 2002). Recent evidence suggests that the dissection of the 
potentiation phenomenon into incretin potentiation and i.v. potentiation can be 
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accomplished with isoglycemic glucose infusion test (Tura et al. 2014). However, 
this was not applied in the present studies. Lastly, the early ISR is dependent not 
only on the absolute glucose concentrations, but also on the rate of change in 
glucose. This derivative component is quantitated as rate sensitivity. The equations 
of the aspects of β-cell model from the “Pisa-Padova” –model are beyond the scope 
of this discussion and can be found in the references. 
 
5.5.7 Total and incremental areas under the curve (IV, V) 
 

To quantitate plasma excursions of glucose, insulin, C-peptide, glucagon, GIP 
and GLP-1 during meal testing, oral and intravenous glucose loading, and incretin 
infusions, total plasma areas under the curve (tAUCs) were calculated using the 
trapezoideal method. Incremental AUCs (iAUCs) were calculated by substracting 
baseline AUC from the tAUC, respectively. 
 
5.6 Statistical analysis (I-V) 
 

Statistical analysis was performed using SAS software for Windows, version 9.2 
(SAS Institute, Cary, NC, United States). The results are expressed as mean ± SD 
and median (interquartile range) for normally and non-normally distributed data, 
respectively. Prior to analysis, tests to confirm equal variances and normality were 
performed. Ln-transformation was performed for skewed variables. Differences 
between groups and paired data were addressed by Student’s t, paired t, Mann-
Whitney U and Wilcoxon signed rank tests respectively. Bivariate analysis was 
performed using Pearson or Spearman correlation tests, as appropriate. To identify 
the independent factors affecting pancreatic, intestinal and hepatic BF, and β-cell 
function during postabsorptive (studies I and II) and absorptive state (studies IV 
and V), generalized linear models with and without adjustment for insulin 
sensitivity and weight were carried out. Analysis of changes over time, between 
interventions and study groups (studies IV and V) were performed using ANOVA 
for repeated measurements and Tukey-Kramer’s post-hoc tests. A statistical 
significance was set at P < 0.05. 
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6 RESULTS 
 
6.1 In vivo vs. ex vivo and splanchnic biodistribution of 18F-labelled 
tracers in pig and rodent models (I, III) 
 

The influx rate constant of glucose in pancreas and small intestine was 
calculated with Patlak graphical analysis (Ki) and fractional uptake rate (FUR) 
from the [18F]FDG-PET images, and they exhibited a tight correlation with the 
values measured from tissue samples (ex vivo Ki) (Fig. 18A-C). In the Patlak 
graphical analysis, the linear fit of the measured data was always r > 0.95 for all 
measured tissues, indicating good performance of the model. Based on absolute 
values, need for recovery coefficients for in vivo (PET) derived values were not 
considered necessary. Patlak graphical analysis –derived Ki values were lower than 
the ones obtained with FUR or from tissue samples (P < 0.05 for Patlak vs. 
FUR/tissue sample), and the apparent distribution volumes (Vd) of [18F]FDG in the 
graphical analysis were 0.31 ± 0.10 and 0.26 ± 0.22 mL mL-1 for pancreas and 
intestine, respectively. In the autoradiography analysis, both in normally glucose 
tolerant and streptozotocin-treated diabetic pigs the accumulation of [18F]FDG was 
homogeneous in the pancreatic parenchyma with no hot-spots detectable in 
islets/exocrine parenchyma (Fig. 18D). In contrast, while the accumulation of 
palmitate analogue [18F]FTHA was homogeneous in pancreata of healthy mice, a 
substantial decrease in [18F]FTHA accumulation was observed in the islets of the 
hyperlipidemic IGF-II/LDLR-/-ApoB100/100 mice (Fig. 18E). Here, the islet:exocrine 
photon-stimulated luminescence (PSL) ratio was 0.7:1. In the small intestine, the 
majority of gut wall [18F]FDG accumulation took place in the mucosa with 
mucosa:non-mucosa PSL ratios ranging between 1.7 and 3.4, respectively (Fig. 
18F). As the mucosa comprises a relative large proportion of the whole gut wall 
thickness, it is suggestive that at least 75-80 % of the whole gut glucose disposal 
during postabsroptive state occurs in the mucosa. 

 
6.2 Insulin effect on extrahepatic SGU in a pig model (III) 
 
Arterio-portal (AP) fractional extractions of [18F]FDG and [2H]G at postabsoprtive 
state were 0.28 and 0.23, respectively, and did not differ statistically between the 
two tracers (NS). During insulin stimulation, FE was 41-53 % higher than during 
fasting state (Fig. 19A). In the supraphysiological and physiological insulin 
infusion studies, the FE-values were overlapping (NS) and thus pooled for the 
statistical analysis. From this data, the extrahepatic (arterio-portal) splanchnic GU 
increased by 47 % (821 ± 360 vs. 1196 ± 217 µmol min-1, P < 0.05) from baseline 
values during euglycemic clamp. Individual AP fractional extractions correlated 
xxx 



Results 

 
94 

 
Figure 18. PET-validation of influx rate constants (in mL 100g-1 min-1) against ex vivo 
data (A-C). All r-values ranged between 0.63-0.97 (P-range < 0.05 to < 0.0001). Balls, 
pancreas; triangles, duodenum; squares, ileum. Autoradiography analysis of pancreas (D-
E). Islets are encircled in white. Gut wall accumulation of [18F]FDG in a pig model (F). 
 
tightly between the two tracers, and the slope of the AP fractional extractions (i.e. 
splanchnic lumped constant, Fig. 19B) were 1.30 ± 0.44 and 1.16 ± 0.23 for fasting 
and insulin-stimulated state, respectively, suggesting more avid [18F]FDG uptake 
and phosphorylation over glucose. 
 

6.3 Pancreatic metabolism, blood flow and β-cell function in 
obesity (I) 
 

Baseline biochemical and anthropometric characteristics are shown on Table 3. 
In healthy controls, pancreatic GU did not change during euglycemic 
hyperinsulinemic clamp when compared with fasting values (Fig. 20A), whereas in 
obese patients pancreatic GU was circa 23 % lower during clamp than during 
fasting state (P < 0.01). The latter is likely due to insulin-independent mass action 
effect of glucose during fasting state, as no difference in influx rate constant (0.3 ± 
0.1 vs. 0.3 ± 0.1 mL 100g-1 min-1, NS) was seen between the two experiments. No 
change in fasting and insulin-stimulated GU rates was seen between obese patients 
with and without diabetes or impaired glucose regulation. 
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Figure 19. The effects of insulin infusion on arterio-portal fractional extractions (FEAP) in 
the dual-tracer experiment (A). Individual FE-values correlated tightly between the 
radiotracers over the pooled data (B). White bars and balls, fasting state; black bars and 
balls, insulin-stimulation. 
 

GU during hyperinsulinemia did not associate with mean plasma FFA 
concentration. In contrast, pancreatic FA uptake per organ during fasting state was 
circa 84 % higher in the obese patients vs. controls (P < 0.001) (Fig. 20B), without 
significant difference between patients with and without diabetes (data not shown). 
As the fractional fatty acid extraction did not differ between the groups (1.9 ± 0.5 
vs. 1.6 ± 0.4 mL 100g-1 min-1, P = 0.07), the difference in total FA uptake was 
mostly accounted for larger pool of circulating FFAs (see Table 3) in obese 
patients. In the pooled data, pancreatic FA uptake was inversely related to systemic 
insulin sensitivity (2h OGIS, r = -0.49, P < 0.01). Based on these observations, it is 
suggestive that the relative uptake of glucose and lipids is shifted during obesity 
with preferential uptake of lipids over glucose in obese patients (amino acid uptake 
for energetic metabolism is considered negligible in the aforementioned rationale). 
Combined molar influx of the two substrates (i.e. glucose and fatty acids) did not 
differ between healthy and obese subjects (2.9 ± 0.7 vs. 3.0 ± 0.4 µmol 100g-1 min-

1, NS). The measures of pancreatic steatosis, as obtained using the In- and Out-of-
Phase and CT-based methods, revealed 5.1-7.2 (P < 0.01) higher values in obese 
patients than healthy controls (Fig. 20C-D). Data from the two methods were well 
correlated (Fig. 20E) whereas large inter-individual variation was present in values 
derived from both of the methods. Interestingly, measures of pancreatic steatosis 
did not associate with pancreatic FA uptake in any of the groups (i.e. controls, 
obese patients with and without diabetes), whereas FIP was inversely related with 
pancreatic GU (r = -0.38, P < 0.05). 

Pancreatic BF per 100 grams of tissue at fast was circa 30 % lower in the obese 
patients than in controls (P < 0.01) (Fig. 21A), and this persisted even though 
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volumes of the panreata were taken into account (126 ± 45 vs. 98 ± 45 mL min-1, P 
= 0.08). In healthy but not in obese subjects, plasma glucose and insulin levels 
were associated with pancreatic BF (r = 0.60, P < 0.05 and r = 0.80, P < 0.01, 
respectively), whereas in pooled obese group pancreatic BF was inversely 
associated with visceral adipose tissue volume (r = -0.64, P < 0.001). In the pooled 
(controls+obese) data, pancreatic BF was inversely related with FIP (r = -0.68, P < 
0.01) and had a moderate association with portal vein BF (Fig. 21B). Still, portal 
vein BF did not differ in obese and controls (0.34 ± 0.11 vs. 0.30 ± 0.13 L 100g-1 
min-1, NS). 

Total pancreatic fat volume (steatosis [%] × total volume) was inversely related 
with fasting insulin levels in obese but not in controls (Fig. 22A) and in pooled 
data FIP had a positive association with mean glucose during OGTT (r = 0.32, P < 
0.01). Interestingly, in the pooled data, pancreatic BF at fast was moderately 
associated with insulinogenic index (r = 0.38, P < 0.05) and β-cell glucose 
sensitivity (Fig. 22B). In contrast, neither glucose (at fast or during clamp) nor FA 
uptake were associated with measures of β-cell function and glycemic control. 

 
Figure 20. Pancreatic GU during fasting state (white bars) and insulin-stimulation (black 
bars) (A), FA uptake during fasting state (B) and measures of steatosis (In- and Out-of-
Phase technique [FIP] and CT-based method) (C-E) in healthy controls and obese patients. 
White balls, controls; black balls, obese. *P < 0.05, †P < 0.01, §P < 0.0001 for obese vs. 
controls. r in panel E represents correlation over the pooled data.  
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Figure 21. Pancreatic BF at fast (A), and the relation (over the pooled data) between 
pancreatic and portal vein (PV) BF (B). White balls, controls; black balls, obese. 

 
Figure 22. Scatter plots between serum insulin levels and β-cell glucose sensitivity against 
pancreatic fat accumulation (A) and BF at fast (B) White balls, controls; black balls, obese. 
 
6.4 Early and late metabolic effects of bariatric surgery (II, V) 
 

Bariatric surgeries (either Roux-én-Y gastric bypass or vertical sleeve 
gastrectomy) were performed laparoscopically as previously described (Helmiö et 
al. 2012), are were well tolerated. The drop-out rate (i.e. patients who did not 
underwent surgery) were 2/25, 4/27 and 0/10 for SLEEVEPASS, SleevePET2 and 
GIP-PET, respectively. 

Detailed pre-surgery vs. post-surgery data are given on Table 4. Early (two 
months) and late (six months) after bariatric surgery, 14 and 23 % of weight loss 
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was observed, and this was accompanied with a progressive resolution of systemic 
insulin resistance at 2-mo (P < 0.001 vs. controls) to 6-mo (NS vs. controls) post-
surgery near control values. Before bariatric surgical procedures, plasma glucose 
and C-peptide (P < 0.05) during OGTT were significantly higher in patients with 
diabetes vs. patients without diabetes, whereas no difference was observed in 
insulin levels. Six months after surgery, however, a notable decrease in glucose, 
insulin, and C-peptide levels during OGTT was observed both in ND and T2D 
groups (P range < 0.01 to < 0.0001 for all comparisons). Interestingly, identical 
results in terms of fasting and 2-hour glucose values were obtained in the T2D 
surgical group only two months after surgery suggesting a rapid alleviation of 
dysglycemia in patients with diabetes (Fig. 23). In concert with the previous 
observation, glucose sensitivity was upregulated already two months after surgery 
and persisted so six months after surgery in T2D patients. Groupwise, however, 
glucose sensitivity was still 25-28 % lower (P range 0.04 to 0.07) in the T2D post-
surgical groups than in healthy controls. No change in potentiation factor ratio was 
observed at 2-mo and 6-mo post-surgery when compared with pre-surgical values 
(NS), and rate sensitivity was upregulated only at 6-mo post-surgery (P < 0.05). 

Notable post-OGTT insulin response was seen two months post-surgery in the 
T2D group when compared with pre-surgery and six months post-surgery 
responses; however, it cannot be totally excluded that this transient upregulation in 
insulin secretion is due to differences in study populations at pre-surgery vs. early 
vs. late post-surgery. Active incretin hormones were measured in a sub-population 
of T2D patients at baseline, and at two months post-surgically. While fasting 
incretin levels were unchanged, two months post-surgery a dramatic increase in 
GLP-1 secretion during OGTT took place. 

The total remission rate of diabetes in these three studies was 72.4 % (i.e. 21 out 
of 29 T2D patients that underwent surgery). Improved fasting and post-OGTT 
glycemic response resulted in a subtle 6.4 % (35.4 ± 3.9 vs. 37.7 ± 3.7 mmol mol-1, 
P < 0.0001) decrease in HbA1c levels in the ND surgical group six months post-
surgery and a more pronounced 9.6 % (35.9 ± 2.8 vs. 39.7 ± 4.0 mmol mol-1, P < 
0.05) and 16.5 % (38.7 ± 3.8 vs. 47.1 ± 7.3 mmol mol-1, P < 0.0001) decrease in 
HbA1c levels in T2D surgical group two and six months post-surgery, respectively. 
In the pooled surgical data, change in BMI had a moderate correlation with a 
change in HbA1c (Fig. 23), whereas no direct association between weight loss and 
insulin sensitivity was observed. 
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Figure 23. Plasma glucose, insulin, GIP and GLP-1 levels during OGTT in patients with 
and without diabetes before, two months (only T2D) and six months after bariatric surgery. 
#P < 0.05 in tAUC post-surgery vs. pre-surgery. In the pooled surgical data, change in BMI 
was associated with a favorable glycemic control. 
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6.5 The effects of bariatric surgery on pancreatic metabolism (II) 
 

Six months after bariatric surgery, both pancreatic FA uptake (1.4 ± 0.4 vs. 1.2 ± 
0.3 µmol 100g-1 min-1, P < 0.05), total pancreatic volume (Fig. 24A), and fat 
accumulation (Fig. 24B) were significantly decreased. As plasma FFA levels were 
unchanged post-surgically (0.80 ± 0.23 vs. 0.76 ± 0.18 mM), the decrease in 
pancreatic FA uptake was due to attenuated extraction of fatty acids from the 
circulation (Fig. 24C). The parenchymal volume was unaltered (74 ± 28 vs. 72 ± 
22 mL, NS). No difference in the aforementioned lipid variables was observed 
between patients with and without diabetes at baseline. Surprisingly, after bariatric 
surgery fasting pancreatic BF even further lowered (Fig. 24D) by circa 16 %, 
similarly in patients with and without diabetes at baseline. 
 

 
Figure 24. Pancreatic volume (A), fat percentage (B), fractional fatty acid extraction (C) 
and fasting state BF (D) in obese patients (ND+T2D pooled) before (white bars) and six 
months after (black bars) bariatric surgical procedure. 
 

Pancreatic fat volume after surgery in the pooled obese group was inversely 
associated with fasting insulin levels, similarly as before surgery (r = -0.54, P < 
0.01). Moreover, the change in pancreatic fat was inversely associated with change 
fasting insulin levels in patients with T2D at baseline but not in non-diabetic 
patients (Fig. 25A). Interestingly, decrease in fatty acid extraction or FA uptake 
was not associated with any measure of β-cell function or glycemic control, or with 
the decrease in pancreatic fat volume (NS). Furthermore, decrease in HbA1c did 
not have a significant correlation with pancreatic lipid variables. In the pooled data, 
change in weight and insulin resistance/sensitivity indices (HOMAIR or 2h OGIS) 
were not associated with changes in pancreatic steatosis and FA uptake. 

In patients with T2D before surgery, seven out 10 was in remission six months 
after surgery. While the low number of patients in the remitter vs. non-remitter 
analysis failed to enable any statistical analysis, patients that did not proceed to 
diabetic remission had considerably lower rates of pancreatic fat decrease (-1.3 ± 
2.9 vs. -9.8 ± 7.7 mL) and relatively larger decrease in fasting insulin levels, as 
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depicted by arrows in Fig. 25A. In multivariate analysis, the decrease in pancreatic 
fat independent predictor of the increase in insulinogenic index (β = -0.72, P < 
0.05) in a pooled patient group, and of the increase in insulin secretion rate at fixed 
glucose (β = -0.20, P < 0.01) even after adjustment for weight loss and insulin 
sensitivity. 

The groupwise decrease in pancreatic blood was not associated with a change in 
weight whereas a moderate association was found between BF and 2h OGIS (r = -
0.48, P < 0.05). In patients without diabetes before surgery but not in the diabetic 
group, change in BF was associated with changes in rate sensitivity (r = 0.68, P < 
0.05) and insulinogenic index (r = 0.63, P < 0.05), while in the diabetic but not in 
the non-diabetic group lesser decrease in BF was associated with improved fasting 
glucose levels (Fig. 25B). The latter relationship remained significant after 
adjustment for weight loss and insulin sensitivity (β = -0.019, P < 0.001; pancreatic 
BF as mL mL-1 min-1). 
 

 
Figure 25. Scatter plots in between changes in pancreatic fat volume (A), BF (B) and 
glycemic variables after bariatric surgery (i.e. post-surgery minus pre-surgery) in patients 
with (black balls) and without diabetes (white balls) at pre-surgery. In the diabetic sub-
population, three patients who did not proceed to diabetic remission are encircled in gray 
(only in panel A). 
 
6.6 Intestinal glucose uptake in obese patients with normal glucose 
tolerance (III) 
 

At postabsorptive state, GU in duodenum and jejunum was similar between 
obese non-diabetic patients and healthy age-matched controls (Fig. 26A). 
Moreover, no change in GU was observed between duodenum and jejunum in 
neither groups (1.3 ± 0.7 vs. 1.1 ± 0.7 µmol 100g-1 min-1). During clamp, plasma 
glucose was 5.0 ± 0.5 mM, and 84-86 % decrease in plasma FFA levels was 
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observed in both groups. While the plasma FFA levels during PET-imaging period 
were slightly higher in obese patients (0.11 ± 0.06 vs. 0.07 ± 0.02 mM, P = 0.07), 
statistical significance was not reached. In healthy controls, euglycemic 
hyperinsulinemia increased GU by 274 and 385 % in duodenum and jejunum, 
respectively. In contrast, GU values during clamp were unchanged in obese 
patients (NS). 

 
Figure 26. Intestinal GU in healthy controls and obese normally glucose tolerant obese 
patients at postabsorptive state (white bars) and during euglycemic hyerinsulinemia (black 
bars) (A). The relationship between whole-body insulin sensitivity (M-value) and intestinal 
GU during clamp (B). High insulin-stimulated duodenal GU was related to improved 
glycemic control (C) whereas plasma free fatty acids impaired insulin-stimulated GU in 
the jejunum (D). GU, glucose uptake; CN, controls; ND; non-diabetic obese patients; FFA, 
free fatty acids. White balls, duodenum; black balls, jejunum. *P < 0.05, †P < 0.01 obese 
vs. controls. 
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In the pooled data intestinal GU were tightly associated with whole-body insulin 
sensitivity (M-value, Fig. 26B). Moreover, insulin-stimulated duodenal GU values 
were inversely related with 2-hour glucose levels during OGTT (Fig. 26C), 
whereas this association was not seen in jejunum. Conversely, plasma levels of 
FFA were inversely related with jejunal but not with duodenal GU during clamp 
(Fig. 26D). Fasting intestinal GU were not associated with fasting plasma glucose 
or FFA levels. 
 
6.7 Splanchnic redistribution of blood flow during mixed-meal (IV, 
V) 
 

Prior to meal administration, plasma glucose was significantly higher in patients 
than in controls (6.9 ± 0.9 vs. 5.0 ± 0.4 mM, P < 0.001), Soon after the ingestion of 
a liquid meal, plasma levels of glucose, insulin secretion and GIP increased 
similarly in healthy controls and obese patients before surgery (Fig. 27A-C). No 
change in plasma GLP-1 levels were observed in these groups (Fig. 27D). Two 
months after bariatric surgery fasting glucose level was significantly decreased (5.8 
± 0.9, P < 0.01 vs. pre-surgery) yet still higher to that in controls (P < 0.05). At 
post-surgery glucose, insulin secretion, GIP and GLP-1 responses (as incremental 
area under the curve, iAUC) were considerably higher than in controls and in 
patients before surgery. 

After meal ingestion, healthy controls and patients before surgery exhibited 
similar (NS for time × group interaction) pancreatic flow response after meal 
ingestion, with 18.2 ± 24.7 % increase in BF rate at 20-minutes post-ingestion (P = 
< 0.001 for time factor, Fig. 28A), normalized at 50-minutes post-ingestion. In 
these two groups, increment in pancreatic flow was associated with corresponding 
increments in plasma glucose (Fig. 28B), GIP (r = 0.57, P = 0.01) and GLP-1 (r = 
0.59, P = 0.01). In contrast, pancreatic BF during mixed-meal was not directly 
associated with insulin secretion rate. Two months after bariatric surgery, basal BF 
rate of pancreas tended to be lower (76.8 [65.2-106]) than pre-surgically and in 
controls but no statistical significance (NS) was reached for these baseline values. 
In contrast, at post-surgery meal ingestion resulted in 49.8 ± 43.4 % (P < 0.05 and 
NS vs. controls and pre-surgery, respectively) increase in pancreatic BF at 20-
minutes post-ingestion. 

Meal ingestion did not affect duodenal BF in healthy controls and patients 
before surgery (NS for time factor and time × group interaction, Fig. 28C), 
whereas jejunal BF increased approximately 30.7 (9.3-118) and 86.1 (53.3-194) % 
(P = < 0.0001 for time factor, NS for time × group interaction) at 20-minutes post-
ingestion and remained elevated during the 50-minute PET-experimentation (Fig. 
28D). Bariatric surgery did not affect basal gut BF (39.5 [33.2-51.2] and 261 [248-
297] mL min-1 for duodenum and jejunum, respectively, all NS vs. controls and 
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obese patients before surgery). Post-surgical meal-induced flow response in 
duodenum was preserved when compared with controls and patients before 
surgery. In contrast, after surgery meal ingestion resulted in a nearly 4-fold increase 
in jejunal BF (P < 0.05 and NS vs. controls and patients before surgery, 
respectively. In the pooled data (i.e. controls and patients before surgery) increment 
in plasma glucose was associated with corresponding increment in duodenual BF (r 
= 0.63, P < 0.01) but not with jejunal BF. Moreover, after surgery duodenal flow 
response was positively associated with GIP excursion (r = 0.69, P < 0.05) and 
negatively with GLP-1 excursion (r = -0.74, P < 0.01). 

 
Figure 27. Plasma glucose (A), insulin secretion (derived by convolution of C-peptide 
concentration, B), GIP (C) and GLP-1 (D) responses during the 90-minute mixed-meal in 
healthy controls (white balls and bars) and patients before (black balls and bars) and two 
months after (gray balls and bars) bariatric surgery. Insets denote incremental areas under 
the respective plasma curve (iAUC0-90min). *P < 0.05 vs. baseline in ANOVA with Tukey-
Kramer’s correction; #P < 0.05 for patients after surgery vs. healthy controls and patients 
before surgery in Student’s and paired t test, respectively. 
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Figure 28. Pancreatic (A), duodenal (C) and jejunal (D) BF response during mixed-meal in 
controls (white balls and bars) and obese patients before (black balls and bars) and after 
(gray balls and bars) bariatric surgery. In the pooled (controls and patients before surgery) 
data increment in plasma glucose was a significant determinant of the magnitude of total 
pancreatic flow response (B). Insets denote incremental areas under the respective flow 
curve. *P < 0.05 vs. baseline in ANOVA with Tukey-Kramer’s correction, #P < 0.05 in 
paired t test. 
 

Patients allocated to different surgical procedures were similar in terms of 
anthropometrics, OGTT data, insulin sensitivity and β-cell function both before and 
after surgery. While glucose and insulin excursions were similar between the 
groups during mixed-meal, iAUC0-90min of GIP was higher in the VSG group (6.8 ± 
3.8 vs. 3.5 ± 1.3 nM × 90 min, P < 0.05) than in the RYGB group, and iAUC0-90min 
of GLP-1 tended to be higher in the RYGB group (2.3 ±1.3 vs. 0.9 ± 0.6 nM × 90 
min, P = 0.056), respectively. Pancreatic flow response was similar (NS for time × 
group interaction) between the surgical groups. Consistent with the surgical 
manipulation, duodenal flow response was markedly higher in the VSG group than 
in the RYGB group (1941 ± 902.7 vs. 405.2 ± 389.3 mL × 50 min, P < 0.05). In 
contrast, jejunal flow response was similar between the surgical groups (5447 ± 
3972 vs. 2244 ± 2036 mL × 50 min, P = 0.061). 
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6.8 The effects of glucose, GIP and GLP-1 on splanchnic 
vasculature (IV, V) 
 
6.8.1 Oral and intravenous glucose administration 
 

A standard 75-gram and 0.3 g kg-1 p.o. and i.v. glucose tolerance tests were 
performed for a total of four and five healthy subjects, respectively. At baseline 
plasma glucose were 5.1 ± 0.4 and 4.9 ± 0.4 mM (NS between the experiments) 
whereas the peak glucose levels of 7.6 ± 1.6 and 12.1 ± 1.4 mM were observed at 
60 and eight minutes post-ingestion/administration during OGTT and IVGTT, 
respectively (Fig. 29A). Increasing glucose levels were accompanied with an 
upregulation of insulin and C-peptide secretion (Fig.  29B). While a prominent 
increase in plasma GIP was observed after oral but not after intravenous glucose 
loading (Fig. 29C), plasma GLP-1 levels remained unchanged during both of the 
experiments (Fig. 29D). An initial rise and thereafter a decline in pancreatic BF 
was evident in both of the experiments, whereas statistical significance was reached 
only after i.v. glucose loading (Fig. 29E). Oral and i.v. glucose loading did not 
change BF in small intestine (Fig. 29F-G). After oral glucose loading, however, a 
tendency towards increase was observed in both of the studied intestinal segments 
with a peak value at 10 and 20 minutes post-ingestion for duodenum and jejunum, 
respectively, consistent with the passage of chyme through the small intestine. 
 
6.8.2 GIP and GLP-1 infusion studies 
 

Continuous 4.0  2.0 pmol kg-1 min-1 infusion of GIP was performed to a total 
of 10 healthy controls and 10 obese patients before and after bariatric surgery. 
Before the start of the GIP infusion, plasma levels of GIP were similar between the 
groups (NS) whereas plasma glucose was within the hyperglycemic range only in 
patients before surgery (7.0 ± 1.2 mM) but not in healthy controls (5.3 ± 0.4 mM) 
and patients after surgery (5.5 ± 0.8 mM). During the 60-minute infusion, 
supraphysiological GIP concentration was achieved (Fig. 30A) in all of the groups; 
however, incremental GIP excursion was 30-50 % higher in patients both before 
and after surgery than in healthy controls (P range 0.011 to < 0.001) due to the 
rapid weight loss in patient groups. On average, obese patients exhibited GIP 
excursion of a similar degree between the sessions (NS). Incremental insulin 
response during the infusion was considerably higher in patients before surgery 
than in controls (562 ± 441 vs. 91.3 ± 52.6 mU L-1 min-1, P < 0.01), whereas after 
surgery mean insulin secretion (344 ± 259 mU L-1 min-1) was lower than to that of 
before surgery (P = 0.01) but higher than in controls (both P < 0.01) (Fig. 30B). 
Plasma GLP-1 levels were unchanged in all of the studied groups. A stable 
hypoglycemic response was seen only patients before surgery (Fig. 30C), in whom 
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plasma glucose was decreased to 6.3 ± 1.1 mM (P < 0.01 vs. baseline). Pancreatic 
(P = < 0.0001 for time factor, NS for time × group interaction) BF decreased 
approximately 20 % and jejunal (P = < 0.0001 for time factor, NS for time × group 
interaction) BF increased approximately 100-130 % in all of the studied groups 
(Fig. 30D-F). In contrast, no change in duodenal BF was observed during GIP-
infusion. 
 

 
Figure 29. Plasma glucose, C-peptide, GIP and GLP-1 after oral (black balls) and 
intravenous (white balls) glucose loading (A-D) in a set of five healthy controls. Pancreatic 
(E), duodenal (F) and jejunal (G) BF after oral (upper panel) and intravenous (lower panel) 
glucose loading. BF data are presented as individual curves and median values. *P < 0.05 
vs. baseline in ANOVA with Tukey-Kramer’s correction. 
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Figure 30. Plasma GIP (A), insulin (B) and glucose (C) during GIP infusion study in 
healthy controls (white balls and bars) and patients before (black balls and bars) and after 
(gray balls and bars) bariatric surgery. Plasma levels were of GLP-1 were unchanged in all 
groups (data not shown). Pancreatic (D), duodenal (E) and jejunal (F) BF during GIP 
infusion study. *P < 0.05 vs. baseline in ANOVA with Tukey-Kramer’s correction. 
 

Continuous 0.75 pmol kg-1 min-1 infusion of GLP-1 was performed to a total of 
10 healthy controls. Before the start of the GLP-1 infusion, plasma glucose level 
was within the normoglycemic range (5.4 ± 0.5 mM, NS vs. baseline level before 
GIP infusion) in healthy controls. Throughout the infusion, supraphysiological 
levels of GLP-1 (50 pM, Fig. 31A) were achieved in all subjects. In contrast, 
plasma of levels of GIP did not change from basal levels. While insulin secretion 
was upregulated only at 15-minutes from the start of the infusion (Fig. 31B), a 
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stable hypoglycemic response to a nadir of 4.4 ± 0.3 mM (P < 0.001 vs. baseline) 
was observed until the discontinuation of the infusion at 60-minutes (Fig. 31C). 
Pancreatic BF (Fig. 31D) decreased approximately 18% (NS vs. GIP response) 
whereas no change in gut BF (Fig. 31E-F) was observed (NS and P < 0.0001 vs. 
GIP response for duodenum and jejunum, respectively). 

During both of the incretin infusion studies, decrease in plasma glucose was not 
associated with corresponding flow responses in pancreas and intestine suggesting 
direct vascular regulation by incretins over a secondary response to hypoglycemia. 

 

 
Figure 31. Plasma GLP-1 (A), insulin (B) and glucose (C) during GLP-1 infusion study in 
healthy controls. Plasma levels were of GIP were unchanged in the experiment (data not 
shown). Pancreatic (D), duodenal (E) and jejunal (F) BF during GIP infusion study. *P < 
0.05 vs. baseline in ANOVA with Tukey-Kramer’s correction. 
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7 DISCUSSION 
 
7.1 Study of splanchnic functions in vivo – framework 
 

The methodological cornerstones of research in clinical endocrinology and 
metabolic diseases are the anthropometrics and clinical appearance of the patient, 
laboratory assays and histological samples. In the last three decades, the resolution 
and performance of the imaging modalities to investigate organ composition and 
function in vivo have taken giant leaps. Previous studies have introduced the use of 
PET for the non-invasive measurement of metabolism and BF in heart and skeletal 
muscle (Nuutila et al. 1992, Labbe et al. 2011, Labbe et al. 2012), subcutaneous 
and visceral adipose tissue (Virtanen et al. 2001, Oliveira et al. 2015), brown 
adipose tissue (Cohade et al. 2003, Virtanen et al. 2009), and in liver (Iozzo et al. 
2003). In the present work, in studies I and III the measurement  of the 
unidirectional [18F]FDG influx of pancreas and small intestine by means of PET (in 
vivo) in healthy and obese diabetic pigs was carried out, and thereafter these values 
were compared to the ones obtained from tissue samples (ex vivo) and by using 
arterio-portal balance technique. This preclinical approach provided solid data that 
PET is a feasible and novel tool to investigate pancreatic and small intestinal 
metabolic rates of glucose and fatty acids and perfusion (in studies I, III and IV), 
the interaction of hormones and other substrates, and the effects bariatric surgery 
on splanchnic functions (in studies II and V) also in humans. While the splanchnic 
region contributes significantly to the regulation of glucose homeostasis at 
postabsorptive and absorptive, insulin-stimulated states (DeFronzo et al. 1992), 
previous methods to quantitate splanchnic metabolism including hepatic balance 
and double-tracer isotope technique, have proven somewhat limited or inaccessible 
in their ability to differentiate single organ metabolism from net substrate balance 
within the splanchnic region. Moreover, although the application of the ICG and 
thermodilution techniques provide accurate estimates of splanchnic and muscle BF, 
respectively (DeFronzo 1987, Baron et al. 1990), their use is limited to steady state 
conditions and cannot be used to estimate BF within a single intrasplanchnic organ, 
such as pancreas and small intestine. The application of PET, on the other hand, 
enables for a direct and non-invasive measurement of single organ metabolism and 
perfusion under various physiologic states (i.e. steady and non-steady) and 
experiments. 
 
7.2 Critical evaluation of the study design and population 
 

The present work was designed to explore the splanchnic metabolism and BF in 
healthy individuals, and to investigate the effects of obesity, type 2 diabetes and 
bariatric surgery on the former by means of multimodal imaging, especially PET. 
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The prerequisite for the application of novel methodology is careful validation. In 
studies I and III, we quantitated pancreatic and intestinal GU values ex vivo (tissue 
samples) and in vivo (PET data), and showed a tight correlation between the two 
methods. Moreover, biological distributions of 18F-labelled tracers in the 
splanchnic region were determined with autoradiography analysis. Our preclinical 
data suggest that PET is a reliable tool to investigate human pancreatic and 
intestinal metabolism (GU, FA uptake) and BF in vivo. 

Compared to multimodal imaging studies, our human study population was 
large in size, consisting of a total of 62 morbidly obese patients with (n = 30) and 
without T2D (n = 32), and 40 age-matched healthy controls. The anthropometric 
characteristics of obese patients in our study were in line with previous reports 
investigating the effects of bariatric surgery on whole-body metabolism (Buchwald 
et al. 2009, Camastra et al. 2013, Nannipieri et al. 2013, Vella et al. 2013, Bojsen-
Moller et al. 2014) suggesting that our results can be generalized to larger 
population and also to clinical practise. However, as patients with T2D were 
generally well-treated (with mean HbA1c of 46 and 40 mmol mol-1 in studies II 
and V, respectively), patients with poorly controlled T2D may have different 
outcomes and therefore our results are not directly applicable to this patient group. 
Moreover, a limitation in study V is the lack of BMI-matched non-diabetic control 
group leading to inability to explore the relative contributions of obesity vs. 
diabetes status on the observed post-bariatric splanchnic BF responses. 

Study IV was designed to investigate the physiological redistribution of BF in 
the splanchnic region after meal-ingestion in healthy individuals. In addition, 
splanchnic BF effects of intravenous glucose, GIP and GLP-1 were studied with 
similar PET-scan design to further clarify the role of different vasoactive mediators 
of the mixed-meal test. We concluded that glucose is a predominant regulator of 
pancreatic BF whereas GIP mainly regulates jejunal BF. In contrast, our results 
imply that the splanchnic vascular effects of GLP-1 are weak when compared to 
glucose and GIP. On the other hand, our approach had a few limitations: first, 
ideally the glucose profile during intravenous glucose challenge should have 
matched for glucose profile during mixed-meal with IIGI. Second, a more 
sophisticated way to determine the sole effect of GIP and GLP-1 on the splanchnic 
redistribution of BF is based on the administration of specific hormone antagonists 
together with mixed-meal, namely exendin9-39 (Schirra et al. 1998) and Nω-nitro-L-
arginine methyl ester (L-NAME, Rees et al. 1989) for GLP-1 and nitric oxide –
mediated pathway of GIP, respectively. Appreciation of these limitations serve as a 
ground for further research. 

Pancreatic GU, FA uptake, steatosis, BF at fast and during mixed-meal in obese 
patients were compared to control data in studies I, II, and V, respectively, and 
intestinal GU at fast and during euglycemic hyperinsulinemic clamp and BF during 
mixed-meal in obese patients were compared to control data in studies III and V, 
respectively. Differences in all of the measured imaging parameters were observed 
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between obese patients and controls, and in many cases these were associated with 
parameters of glycemic control, such as 2-hour glucose, fasting insulin and β-cell 
glucose sensitivity. Due to the cross-sectional nature of the these studies, however, 
causality between imaging parameters, metabolic homeostasis, and glycemic 
control in patients with obesity and type 2 diabetes at baseline cannot be drawn. 
This was in contrast to the longitudinal parts of studies II and V, where the effects 
of bariatric surgery on splanchnic metabolism and BF were investigated with 
repeated measurements, i.e. before and after surgery. 
 
7.3 Pancreatic metabolism, fat accumulation, blood flow and 
glycemic control (I) 
 

In study I, aim was set to quantitate the measures of pancreatic metabolism – 
namely GU, FA uptake, and extent of steatosis – and fasting BF with a 
combination of PET, NMRI and CT, and to relate these findings with β-cell 
function and insulin output rate to extent the knowledge on how obesity-induced 
metabolic and vascular alterations on pancreas and the islet organ contribute to the 
pathogenesis of T2D. Hitherto, pancreatic multimodal imaging studies have only 
focused on the differentiation, staging and aggressiveness of tumors and cysts 
(Komar et al. 2009, Kauhanen et al. 2015). Based on the current study it can be 
concluded that that obesity and insulin resistance substantially modulate pancreatic 
functions in parallel with changes in β-cell function in patients with T2D. 
Metabolic and vascular alterations in pancreas were identical in the obese 
subgroups (i.e. patients with and without T2D or impaired glucose regulation) 
suggesting that obesity and insulin resistance per se have an effect on pancreas 
whereas the intrinsic (genetic) vulnerability determines whether these alterations 
impair β-cell glucose responsiveness and insulin output. 

In the cross-sectional study, pancreatic FA uptake at postabsoprtive state was 
higher whereas GU during clamp was lower in obese patients than in lean controls, 
irrespective of the diabetic status. While glucose toxicity, i.e. chronic 
hyperglycemia is regarded as one of the key pathogenic mechanisms behind 
impaired glucose regulation and β-cell function (DeFronzo et al. 1992, Toschi et al. 
2002, Solomon et al. 2001), the concept of lipotoxicity has not been fully 
elucidated. In the present study, the fractional uptake rate (FUR) of long-chain fatty 
acids from the bloodstream did not differ between the study groups suggesting that 
the upregulation of pancreatic FA uptake is due to larger circulating pool of FFAs 
in the obese patients. Moreover, pancreatic FA uptake was inversely associated 
with systemic insulin sensitivity confirming the reciprocal relationship between 
insulin resistance and hyperlipidemia (Groop et al. 1991). So far the most 
convincing evidence regarding the effects of endogenous FFAs on β-cell function 
has been presented by Rebelos et al. (2015) who, by studying nearly 1300 
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individuals in the RISC-cohort, concluded that even though postabsorptive FFA 
levels were moderately associated with total insulin output, the high FFA levels 
neither associated with an impairment in β-cell glucose sensitivity at baseline nor 
predicted glucose intolerance in the follow-up of 3 years, and are in concert with 
the current results, as pancreatic FA uptake of was not associated with measures of 
β-cell function. However, by utilizing only single tracer measuring palmitate 
kinetics, the influxes of other long-chain fatty acids, oleate and linoleate, are 
discarded. 

The preclinical data confirmed that during hyperlipidemic states (such as insulin 
resistance) the pancreatic islets are able to downregulate FA influx by nearly 30 % 
and this may partly be responsible as why high FFA levels do not lead to 
deterioration of β-cell function and glycemic control in the clinical setting. In 
contrast, GU was similar between islets and exocrine pancreas. As glucose has 
been shown to stimulate fatty acid transport system (pm-FATP, FABP family, 
CD36) (Kim et al. 2012), the decrease in pancreatic GU seen in the present clinical 
data may mediate the downregulated islet FA uptake and thus circumscribe the  
fatty acid –mediated toxicity, if any, to the β-cells. 

During excessive caloric intake and obesity, the ability of subcutaneous adipose 
tissue to store surplus lipids is somewhat reduced and thereafter the FFAs “spilled 
over” from the subcutaneous fat are stored in visceral adipose tissue – contributing 
to insulin resistance – and parenchymal organs. Experimental rodent studies have 
shown that in pancreas the lipid moieties are stored as large droplets of neutral fat 
in the exocrine parenchyma posing no meaningful threat to the acinar cells, 
whereas in β-cells the FA oxidation capabilities are relatively constrained leading 
to low number of lipids storaged as TAGs and high apoptosis rate (Saisho et al. 
2007, Kusminski et al. 2009). While the excess lipid accumulation is derived from 
circulating FFA pool and pancreatic FA uptake, any association between the two 
phenomena was not observed, possibly as the FA uptake is a dynamic phenomenon 
with altering rates during the feed/fast cycle whereas the rate of steatosis is 
relatively stable in long-term. Thus, it is justified to consider these phenomena as 
separate risk factors for glucose intolerance and β-cell dysfunction. 

To confirm the former preclinical evidence between pancreatic lipid 
accumulation and β-cell dysfunction, insulin deficiency and impaired glycemic 
control, multiple cross-sectional studies with either CT, NMRI or 1H-MRS have 
been executed in a clinical setting with largely opposite conclusions: while all of 
the studies have observed higher pancreatic fat content in the pancreata of obese 
and diabetic patients when compared age-matched controls, a direct negative 
association to measures of β-cell function and insulin secretion have been found in 
approximately half of the studies (Tushuizen et al. 2007, Heni et al. 2010, Lim et 
al. 2014), whereas in the rest of studies no clear relationship has been found (van 
der Zijl et al. 2011, Begovatz et al. 2015, Wicklow et al. 2015). The advantage of 
the present study was that the measure of pancreatic lipid accumulation was 
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performed both with In- and Out-of-Phase MR spectroscopy as well as with 
morphometrically validated CT-based method and revealed that the individual 
numbers were highly correlated between the methods. Moreover, while no 
association between pancreatic lipid accumulation and model parameters of β-cell 
function (i.e. glucose sensitivity, rate sensitivity, potentiation) was found, 
pancreatic fat was inversely related with fasting insulin levels and mean glucose 
during OGTT suggesting toxic effects of fat on endocrine pancreatic functions. In 
contrast, no difference between pancreatic steatosis rate between the diabetic vs. 
BMI- and body fat –matched non-diabetic group was found. It is of note that the 
high inter-individual variation in steatosis rate (min 0.0 %, max 42 %, median 16 
%) and small number of participants in the diabetic group may have obliterated any 
potential differences. 

Islets of Langerhans constitute a unique and complex organ dispersed within 
exocrine pancreas. Being exposed to vascular endothelial growth factor-A (VEGF-
A) secreted from the β-cells during the developmental period, the endothelial cells 
and vascular milieu of the islets differs greatly from their surroundings (Brissova et 
al. 2006). Although extensive preclinical research has focused on the metabolic 
consequences of islet vascular function and dysfunction, it is not currently known 
whether pancreatic BF has an effect on glycemic homeostasis and insulin secretion. 
Adequate perfusion of the islets ensures the delivery of nutrients, oxygen and 
insulinotropic factors (such as incretins) to the vicinity of endocrine cells, and 
accommodates the drainage of secreted hormones into the portal vein and systemic 
circulation. Recent in vitro studies in rodents have shown that at resting (i.e. 
postabsorptive) state only a sub-population of islets characterized by higher 
perfusion rate and insulin secretory output is active whereas during times of greater 
metabolic needs, the rest of the “hibernating” islets are recruited (Lau et al. 2012). 
In the present study, a utilization of [15O]H2O-PET –methodology was done in a 
clinical setting and, while the present technology cannot fully differentiate exocrine 
(80 %) from islet (20 %) BF, it is likely that alterations in islet BF reflect to as a 
decrease or increase in whole pancreatic BF (Iwase et al. 2001). As a result, the 
quantification of pancreatic BF was carried out at fasting (i.e. unstimulated) state 
and the rate of 141 mL 100g-1 min-1 was detected in healthy controls, with only 
minute variation present between different parenchymal regions. These values are 
considerably higher as those reported in other GI organs (Virtanen et al. 2002, 
Koffert et al. 2015), and equal approximately 3.6 % of the total splanchnic (portal 
vein) BF. Moreover, in healthy controls pancreatic BF was associated with fasting 
plasma glucose levels implying a crucial role of glucose in regulating – either 
directly or indirectly – BF to the islet organ and exocrine pancreas. 

Although the islet organ comprises only 1-2 % of the total pancreatic volume, it 
is characterized by a substantially higher BF rate than the exocrine pancreas, and 
thus it is estimated that nearly 15-20 % of the whole pancreatic BF is, in fact, 
diverted into the islets (Jansson 1994). In the light of this, even a minor 
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downregulation of pancreatic BF may have detrimental effects on β-cell function. 
A 30 % reduction in whole pancreatic BF in mordibly obese patients with and 
without diabetes was observed when compared with healthy, insulin-sensitive 
controls. These results are in line with preclinical evidence appreciating that during 
events of transient hyperglycemia an increase in islet BF is commonly seen in 
healthy rodents whereas in diabetic rodents a chronic islet hypoperfusion due to 
loss of islet capillaries is present (Li et al. 2006). Similar rates of pancreatic BF 
between patients with and without diabetes suggests that obesity per se without 
chronic hyperglycemia can impair pancreatic BF. 

Regarding the relationship between islet BF and insulin secretory capacity, 
contradictory results have been presented by Reinert et al. (2013), reporting only 
minimal impairment in β-cell gene expression, mass and function in mice whose 
islet BF was reduced with VEGF-A inactivation at six months of age (i.e. at 
adulthood). In the pooled data pancreatic BF was linearly associated with β-cell 
glucose sensitivity and empirical insulinogenic index even after adjustment with 
insulin sensitivity and weight, suggesting that adequate pancreatic BF does have a 
role in the regulation of glucose homeostasis at postabsorption. Dai et al. (2013) 
reported that during insulin resistance states such as obesity, islet capillaries 
undergo vasodilatation to accommodate the greater metabolic needs of the islet 
organ. As the obese patients in the present study were highly insulin-resistant, a 
failure of such compensatory upregulation may have occurred predisposing to 
dysglycemia. All in all, supporting the observations in the majority of the animal 
studies, the study results imply that fasting pancreatic and islet BF regulates fasting 
glucose homeostasis by improving β-cell function and insulin secretion in healthy 
controls, whereas in obese patients with diabetes defects in pancreatic BF may 
contribute to the fasting hyperglycemia. Novel study by Hashimoto et al. (2015) 
suggests that this association lies behind inadequate dispersal of insulin to the 
efferent arterioles and portal vein rather than β-cell glucose unresponsiveness after 
glucose loading. 
 
7.4 Bariatric surgery and pancreatic lipid metabolism and blood 
flow (II) 
 

Bariatric surgery is regarded as the most efficient method to achieve permanent 
weight loss and, to those concerned, remission of type 2 diabetes and other 
comorbidities leading to a decrease in overall mortality (Sjöstrom et al. 2007). 
Despite obvious improvements in metabolic homeostasis, weight and quality-of-
life, the exact mechanisms by which surgical manipulation of the GI tract mediates 
these outcomes are largely unknown. We hypothesized that pancreatic metabolism 
and BF kinetics undergo notable adaptations in response to bariatric surgery in 
parallel with recovery in insulin and glucose homeostasis, and thus measured the 
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aforementioned parameters before and six months after surgery by means of 
[18F]FTHA- and [15O]H2O-PET and CT in a total of 23 obese patients, 10 with T2D 
at baseline. In the present data, bariatric surgery resulted to a striking 26 kg (23 %) 
decrease in weight and a notable increase in whole-body insulin sensitivity as 
measured with HOMAIR and 2h OGIS. In patients with type 2 diabetes at baseline, 
seven out of 10 patients was in remission at the postoperative screening visit to the 
research center. Moreover, the measures of β-cell function were significantly 
improved in both diabetic and non-diabetic subgroups. The anthropometrics, 
demographics and biochemical profile in the present study population were in line 
with previous well-designed studies investigating the effects of bariatric surgery on 
glucose homeostasis, incretin secretion and β-cell function (Buchwald et al. 2009, 
Camastra et al. 2013, Nannipieri et al. 2013, Vella et al. 2013, Bojsen-Moller et al. 
2014). Thus, the imaging results can be applied to represent surgery-induced 
pancreatic adaptations in general population undergoing bariatric surgery. 

Significant reductions in pancreatic FA uptake, steatosis and fat volume were 
observed at post-surgical state but still, the absolute numbers remained higher than 
in healthy controls (P range < 0.05 to < 0.01). In addition, while BF rate of 
pancreas was lower in obese patients undergoing surgery when compared with 
healthy controls, it decreased even further six months after bariatric procedure. The 
reductions in pancreatic lipid metabolic variables and BF were similar between the 
diabetic and non-diabetic groups, and the type of surgery did not affect these 
outcomes. In an elegant study by Nannipieri et al. (2013), both RYGB and VSG 
resulted in a similar degree of weight reduction and improvements in GLP-1 
secretion, β-cell function and glycemic control suggesting that duodenal bypass 
offers only limited or no advantage over VSG, both of which has been shown to 
result in comparable rates of gastric emptying in both humans and rodents 
(Braghetto et al. 2009, Chambers et al. 2014). 

Six months after bariatric surgery fasting plasma FFA levels were unchanged, 
confirming previous observations by Bojsen-Moller et al. (2014). Interestingly, 
despite the unchanged circulating FFA pool, pancreatic FA uptake was decreased 
due to smaller extraction rate, associated with the degree of weight loss. Still, no 
association between change in FA uptake and measures of β-cell function in the 
diabetic group was present implying, again, that the dynamic FFA influx may not 
pose a threat to the pancreatic endocrine functions. However, as Bojsen-Moller et 
al. observed a slight (0.13 mM) reduction in fasting FFA levels 1 year post-surgery, 
it is speculative whether further reductions in pancreatic FA uptake (due to 
combined effect of reduced FFA pool and extraction rate) may improve β-cell 
function after a longer follow-up. In contrast to FA uptake, however, the present 
sutdy provided solid evidence that the decrease in pancreatic (ectopic) fat volume 
after bariatric surgery and concomitant weight loss directly ameliorates glucose 
homeostasis. Previously, Gaborit et al. (2015) observed a 44% decrease in 
pancreatic TAG content six months after bariatric surgery, the results which are in 
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close agreement with the present data. Interestingly, in their data no change in 
HOMAβ (despite 63% diabetes remission rate) was observed and thus the effect of 
reduced pancreatic TAG content on glycemic homeostasis was not evaluated. On 
the other hand, the present study provided an association between decreased 
pancreatic fat content and multiple measures of β-cell function that remained 
significant even after adjustment for change in weight loss and insulin sensitivity. 
Moreover, the three obese patients whose diabetes was not remitted exhibited 
almost no change in pancreatic fat volume whereas six out of seven remitters has 
considerable decrease in pancreatic volume. Together these data suggest that the 
one of the key mechanisms behind diabetes remission seen after bariatric surgery is 
due to resolution of pancreatic steatosis. 

Interestingly, the decrease in pancreatic steatosis was not associated with the 
degree of weight loss suggesting that other factors in addition or irrespective of 
simple weight loss contribute to this phenomenon. Emerging evidence from rodent 
studies have suggested that gastrointestinal hormones, especially GIP (Miyawaki et 
al. 2002) can regulate adiposity. As incretin hormone levels were not measured in 
study II, the confirmation of this hypothesis cannot be made. Lastly, the current 
date does not exclude whether similar results can be obtained by other modes of 
weight-loss promoting interventions, such as exercise or diet treatment. 

Before surgery, the pancreatic BF per 100 grams of parenchymal tissue at fast 
was 30% lower in obese patients than healthy age-matched controls. Initially, a 
hypothesis was made that bariatric surgery and the resulting weight loss would 
“normalize” i.e. increase the fasting state BF to the pancreas. Instead, even further 
reduction in perfusion rate not directly associated with the amount of weight loss 
was observed. As the increase in whole-body insulin sensitivity was inversely 
related with a change in pancreatic BF it is assumable that the resolution of the 
functional stress of the islets with lesser metabolic needs may reflect to also a 
decrease in whole pancreatic BF (Dai et al. 2013). However, recent report by 
Immonen et al. (2014) suggests that also hepatic and portal vein BF are decreased 
six months after bariatric surgery suggesting that the decrease in BF is not unique 
to pancreas and may at least partly be mediated by a decreased cardiac output (data 
not shown) and consequently decreased flow in celiac artery. Moreover, surgery-
induced alterations in basal incretin levels may play a subtle role in the regulation 
of resting pancreatic arterial tone (studies IV and V, Kogire et al. 1988, Trahair et 
al. 2015). Despite pancreatic BF was downregulated in a group level, the additional 
analyses implied that the good preservation (smaller decrease) was associated with 
improved glycemic control irrespective of the change in weight loss and insulin 
sensitivity thereby supporting previous observation in study I that adequate BF to 
the pancreas and islet organ in vivo is essential for the satisfactory endocrine 
pancreatic functions at fasting state. In contrast, the vascular regulation of islet 
function (β-cell function, α-cell function) after a meal challenge is more 
extensively discussed in chapters 7.6 and 7.7. 
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7.5 Fasting and insulin-stimulated intestinal glucose uptake (III) 
 

By means on arterio-portal balance technique and [18F]FDG-PET methodology, 
the present study demonstrated in vivo that small intestine is an insulin-sensitive 
organ in terms of glucose disposal with nearly 3-4 –fold increases in GU during 
euglycemic hyperinsulinemic clamp experiment in both humans and pigs. From the 
autoradiography analysis performed in preclinical study, it is suggestive that most 
of the glucose taken up by the gut wall is actually accumulated in the mucosal 
(enterocyte) layer of the small intestine during postabsroptive stage. Whereas the 
former may not be true for the insulin-stimulated state, an additional gut wall 
autoradiography analysis was performed after 3-hours of 1 mU kg-1 min-1 insulin 
clamp for one healthy pig (data not shown) and identical results were received, i.e. 
75-80 % of gut wall glucose disposal takes place in the mucosa whereas only 
minute amounts of glucose is taken up in the muscular layer of the gut wall. By 
using mean data from the human subjects (healthy and obese at postabsorptive 
state, healthy during clamp) and autopsy data regarding the volume of the small 
intestine (Snyder et al. 1975), one can calculate that the GU of the small intestine is 
approximately 5.6 µmol min-1 in the fasting state, and is increased up to 18 µmol 
min-1 during insulin stimulation. Based on previous literature (Iozzo et al. 2003), 
these values represent 24 % and 51 % of total liver GU at fast and during clamp, 
suggesting that small intestine may in fact be relatively more sensitive to insulin 
stimulation than liver. 

 Previously, the quantification of splanchnic glucose kinetics during 
postabsorptive and absorptive state and, during euglycemic clamp in humans has 
been possible with either hepatic vein catheterization (HVC) or double-tracer 
technique. However, these techniques are weakened by the following 
shortcomings: 1) at best they provide only net SGU, i.e. it is not possible to obtain 
estimates of hepatic GU vs. extrahepatic SGU, 2) in the HVC technique, the 
splanchnic glucose balance does allow to differentiate between unidirectional GU 
from endogenous (hepatic and intestinal) glucose production and 3) the HVC is 
cumbersome and has considerable risk for complications, such as heart 
arrhythmias. By applying the aforementioned techniques, well-designed studies in 
humans have shown that the splanchnic glucose balance/uptake is approximately 
150 µmol min-1 and between 175-200 µmol min-1 at fast and during euglycemic 
hyperinsulinemic conditions, respectively (DeFronzo et al. 1983, Vella et al. 2001) 
and correspond to 24-29 % of the whole-body glucose disposal after oral glucose 
loading (DeFronzo et al. 1992). Using these numbers, the small intestine 
contributes with 3.7 and 9.0-9.3 % to the net SGU at fast and during insulinemia, 
respectively, and with 0.7 % to the whole-body glucose disposal during 
insulinemia. An overview of the splanchnic glucose metabolism at postabsorptive 
state and during insulin stimulation in a lean individuals can be seen on Fig. 32. 
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Figure 32. Glucose uptake (GU), glucose production (GP) and glucose balance (GB) in 
splanchnic, hepatic and extrahepatic (gastrointestinal tissues) splanchnic compartments at 
postabsorptive state and during 1.0-1.4 mU kg-1 min-1 euglycemic insulin clamp in healthy 
and obese humans. GU and GP are presented by positive and negative numbers, 
respectively, and expressed per depot (µmol min-1). Based on research by DeFronzo et al. 
(1985), Barret et al. (1985), Croset et al. (2001), Iozzo et al. (2003), Honka et al. (2013 & 
2014), Immonen et al. (2014), and Dadson et al. (2015). EHS, extrahepatic splanchnic; I, 
small intestinal; NS, net splanchnic; P, pancreatic; S, splanchnic; VC, visceral 
(intraperitoneal) fat. 

 
Based on the evidence provided in the present study it is of no doubt that small 

intestine is a significant contributor to whole-body glucose disposal both at 
postabsorptive and absorptive state. The present study also provided evidence that 
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the extrahepatic splanchnic compartment is highly insulin-sensitive with nearly 50 
% increment in extrahepatic SGU during euglycemic clamp. In the previous 
literature, Barret et al. (1985) measured GU in gastrointestinal tissues using the 
same method (portal vein balance technique) with [3H]G in anesthetized dogs, 
inaccessible in humans. The authors concluded that the extrahepatic SGU does not 
change during euglycemic hyperinsulinemic clamp – although a tendency towards 
increase is seen after 60 minutes from the start of the clamp – whereas during 
combined hyperglycemia and hyperinsulinemia increases up to 300 % from 
baseline are observed. A few important differences in the study design and 
methodology between Barret’s and current experiments may account for the 
disconcordant results. First, from the former values the contribution of small 
intestine to net extrahepatic SGU is only 8 and 26 % at fast and during euglycemic 
clamp, respectively, suggesting that most of the measured extrahepatic GU data is 
in fact derived from the remaining extrahepatic splanchnic organs. For instance, as 
shown in study I, pancreatic GU does not seem to respond to insulin during 
euglycemia whereas pancreatic GU was increased in obese patients with 
hyperglycemia (by insulin-independent mass action or GLUT1 –mediated effects). 
While recent study carried out in Turku PET Centre (Dadson et al. 2015) suggests 
that visceral adipose tissue GU responds to insulin stimulation, the net effect of 
insulin on extrahepatic SGU (small intestine [↑], adipose tissue [↑], pancreas [↔], 
ventricle [?], and spleen [?]) may be ± 0 µmol min-1. Second, although 1.4 mU kg-1 
min-1 continuous insulin infusion implemented by Barret et al. should completely 
suppress intestinal glucose production (Croset et al. 2001, Mithieux et al. 2004), 
the portal vein balance technique with stable isotopic tracer represents a 
bidirectional glucose kinetics across the extrahepatic splanchnic bed whereas 
[18F]FDG measures the unidirectional uptake of glucose (k4 is assumed zero, see 
Fig. 10A). The disconcordance due to glucose tracer used in the current 
experiments should be limited as the arterio-portal [2H]G and [18F]FDG differences 
were tightly coupled and exhibited similar results at fast vs. insulinemia in the 
preclinical study. Third, species-related differences cannot completely be ruled out. 
Nevertheless, future endeavors should be aimed at measuring intestinal glucose 
kinetics during mixed-meal, representing physiological combination of 
hyperinsulinemia, hyperglycemia, alimentary factors and neural regulation. 

At fast, small intestinal GU was similar in healthy controls and obese non-
diabetic patients. In contrast, during euglycemic clamp the intestinal GU was not 
upregulated in the obese patients as in healthy controls. In fact, the incremental GU 
(from baseline values) was decreased by striking 88 % from the values observed 
healthy controls during insulin stimulation. Moreover, in the pooled data intestinal 
GU values were in close agreement with M-values suggesting, again, the 
significant contribution of small intestinal glucose handling in the regulation of 
systemic glucose tolerance. Previous study by Iozzo et al. (2003) showed that 
insulin-stimulated GU in the liver is not impaired in patients with normal glucose 
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tolerance but low systemic insulin sensitivity (IS) when compared with normal- 
and high-IS groups. As the obese patients in the present study were normally 
glucose tolerant, it is likely that the defects in insulin action on small intestine 
occurs early in the pathogenesis of metabolic diseases and precedes any 
impairment in systemic glucose regulation. Unfortunately, PET technique does not 
allow to examine the molecular mechanisms behind impaired insulin-dependent 
GU in the enterocytes in obesity, resulting either from defective glucose 
internalization, the lack of suppression of glucose production, or the combination 
of the two. The latter scenario is strengthened by Gutierrez Repiso et al. (2015), 
who observed significant increases in PEPCK and Glc6Pase mRNA expression in 
intestinal cell excised during bariatric surgery in obese non-diabetic patients with 
high insulin resistance when compared with low insulin resistance group. While 
studies in rats have shown that after 6-h fast the rate of intestinal gluconeogenesis 
is virtually zero and is increased only after prolonged starvation (Croset et al. 
2001), it cannot be excluded that during insulin resistance states the enterocytes 
contribute to upregulated hepatic glucose production by supplying more 
gluconeogenetic substrates such as lactate and alanine irrespective of the nutritional 
state (Mithieux et al. 2006). Saeidi et al. (2013) observed reprogramming of the 
jejunal Roux-limb in gastric bypass –treated rats leading to upregulation of 
GLUT1, enhanced basolateral GU and hypertrophy of the mucosa suggesting that 
the defective intestinal insulin signaling may be reversed by either drug 
intervention (metformin, rosiglitazone) or with bariatric surgery. Future humane 
studies are urgently needed to verify these observations. 
 
7.6 Physiology of splanchnic circulation during meal and associated 
factors (IV)  
 

The splanchnic vascular bed is perfused by the celiac (CA), and superior (SMA) 
and inferior mesenteric arteries. Perfusion to the ventricle and pancreas is supplied 
by the CA whereas small intestine receives it’s BF via the mesenteric – primarily 
SMA – arteries. The distribution of BF within the gut wall is not uniform, and in 
the fasting state mucosal layer receives about 80 % of the total blood perfusing the 
bowel wall (Chou & Coatney 1994). Absorption of nutrients from intestinal lumen 
produces segment-specific hyperemia, persisting as long as the chyme remains in 
that bowel segment. The intestinal mucosa is the site of nutrient absoption and in 
general BF to bowel wall is autoregulated by metabolic factors such as pH, 
osmolarity, CO2, and adenosine. Previous studies (Chou et al. 1972, Kvietys et al. 
1980, Kvietys et al. 1981, Chou et al. 1985) have shown that lipids, fats and bile 
acids are the most potent inducers of BF followed by glucose and proteins. 

Hypothetically and partly based on previous literature, meal ingestion alters the 
vascular milieu within the GI tract to accommodate nutrient absorption in the gut 
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(Matheson 2000), insulin secretion (Carlsson & Jansson 2015) and hepatic 
metabolism (Meier et al. 2005). The present study documented in vivo that jejunal 
and pancreatic BF are increased by circa 70 and 20 %, respectively, rapidly after 
meal ingestion. The vast difference in the magnitude of flow upregulation between 
small intestine and pancreas may derive from several aspects: first, pancreatic flow 
response is dependent only on the levels of circulating vasoactive substances and of 
neural factors (Jansson 1994), while postprandial hyperemic response of the gut 
described above is largely caused by a direct contact of chyme to the mucosal 
layer. Second, as a large proportion of the initial splanchnic GU after meal 
ingestion is occurring in the gut rather than in pancreas (see studies I and III), the 
stimulated gut perfusion may accommodate elevated metabolic rate and associated 
processes, such as waste removal (Chou et al. 1994). A schematic representation of 
the splanchnic vascular responses after meal is shown on Fig. 33. 
 

 
Figure. 33. The contribution of chyme:mucosa interaction, glucose and GIP on splanchnic 
vascular redistribution and on gastric emptying (GE) after a meal ingestion. Stimulation 
and inhibition are presented as plus and minus signs, respectively. The schematic 
representation is based on research by Nauck et al. (1997), Rayner et al. (2001), Koffert et 
al. (2016). 
 

In contrast to jejunum, duodenal BF remained unchanged during mixed-meal. 
This suggests that the main physiological role of the proximal small intestine (i.e. 
the foregut) is, in fact, unrelated to its absorptive capabilities but in its role as 
nutrient-sensing (Carlsson et al. 1999, Gribble et al. 2012, Breen et al. 2012) organ.  
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Previous rodent studies have shown that pancreatic islets respond to alterations 
in plasma glucose levels by decreasing or increasing their perfusion rate (Jansson 
1994, Jansson et al. 2007), while no change in total pancreatic and gut BF rate has 
been demonstrated during experimental hyperglycemia. However, the previous data 
have been obtained using the microsphere-technique and essentially lack the 
dynamic information of the splanchnic vasculature after glucose loading. On the 
other hand, the present study applied standard i.v. glucose tolerance test in a total of 
five healthy subjects with simultaneous quantification of splanchnic flow responses 
in a time-dependent fashion. This allowed to distinguish the solitary role of glucose 
on splanchnic circulation without the concomitant effects of incretins and 
chyme:mucosa interaction. After i.v. glucose bolus injection, an immediate increase 
in total pancreatic BF was observed, and this was accompanied with a significantly 
stimulated insulin and C-peptide secretion throughout the 2-hour experiment. 
Interestingly, already at 15-minutes post-injection the total pancreatic BF had 
returned to sub-basal levels despite considerable hyperglycemia. Based on the 
rodent data this rapid normalization is likely caused by decreased vagal stimulus 
whereas the methodology utilized in the present study fails to provide detailed 
information on the islet BF, which has been shown to stay upregulated for longer 
periods after glucose challenge (Carlsson et al. 2001). Nevertheless, based on the 
present study it is suggestive that in humans the glucose-stimulated insulin 
secretion (GSIS) is dependent on the early upregulation of the total organ BF, 
permitting nutrient entry to the islets and insulin drainage to the portal vein. 

In accordance with the previous literature, the redistribution of blood into the 
gut seemed to be elicited by chyme and bile salt contact with the mucosal layer.  
After oral glucose load intestinal BF showed increasing tendency but lacked a 
promt rise in flow response due to a small number of study subjects. In contrast, 
gut BF remained unchanged after i.v. glucose challenge suggesting that 
hyperglycemia per se does not contribute to the increase in gut BF seen after meal 
ingestion. 

In addition to their endocrine and metabolic effects, receptors for both GIP and 
GLP-1 (GIPR and GLP-1R) have been identified in the endothelial and smooth 
muscle cells of the arterioles and the vascular effects of incretins – especially that 
for GLP-1 – have been linked to cardioprotection and endothelium-dependent 
vasodilation (Zhong et al. 2000, Koska et al. 2015). While previous studies in 
cultured cells and canine in vivo have suggested that incretins may regulate 
splanchnic BF kinetics at absorptive state (Kogire et al. 1988, Hattori et al. 2010), 
their involvement in postprandial hyperemia is not clear because the levels of 
active incretin hormones measured from the systemic circulation are lower than the 
minimum doses required to produce vasodilatation (Chou et al. 1994). However, 
local tissue concentrations of these hormones, especially in the prehepatic 
vasculature, are high enough to exert their vasoactive properties (Lu et al. 2008). In 
the current study, the concentration of incretins were experimentally elevated to the 
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supraphysiological levels to mimic postprandial conditions and the effects of GIP 
and GLP-1 on splanchnic flow redistribution was verified in vivo. Interestingly, 
infusion of GIP provoked largely contradictory results, with prominent increase in 
jejunal BF and stable decrease in pancreatic BF. Both of the incretin infusions led 
to an upregulated yet transient insulin secretion, consistent with the previous 
literature (Meier et al. 2004). These results suggests that in humans GIP may 
“prepare” hindgut for the increases in metabolic demand, accompanied with 
parallel increase in insulin secretion. Previous rodent study (Svensson et al. 1997) 
implied that GIP may in contrast dilate the arterioles of the islets encouraging to 
assume that the GIP-induced decrease in total pancreatic BF seen in the present 
study may simply reflect a decrease in exocrine pancreatic flow instead of the 
islets. Since GIP does not affect directly the CA flow (Kogire et al. 1988), it is 
likely that the vascular effects of GIP on pancreatic parenchyma are direct in 
nature. Interestingly, during mixed-meal the total pancreatic BF was returned to 
baseline rather early (50 minutes) after meal ingestion despite increasing glucose 
levels. Therefore, we postulate that increases in plasma GIP levels (reaching a 
plateau at 30 minutes post-ingestion) optimize pancreatic vascular milieu by 
shunting the perfusion from the exocrine pancreas to the islets. 

In contrast, the increase in jejunal BF elicited by GIP is in concert with studies 
documenting augmentation of SMA flow after GIP bolus administration (Kogire et 
al. 1988, Fara & Salazar 1978). Previous studies in conscious animals failed to 
show any vasodilatation in the gut wall arterioles in response to postprandial 
incretin levels indicating that the observed GIP-induced gut hyperemia is likely 
caused by the elevation in SMA flow (Chou et al. 1994). 

Compared to GIP, the splanchnic vascular effects of GLP-1 were modest and 
constituted only of a decrease in pancreatic BF and unchanged gut BF. Previous 
studies in healthy Wistar rats support current observations that GLP-1 does not 
regulate intestinal BF at postabsorptive state (Svensson et al. 2007), whereas the 
authors managed to identify the GLP-1 –induced attenuation of pancreatic BF only 
after glucose administration but not during fasting conditions. The disconcordance 
in results may arise from differences in experimental protocols (bolus injection vs. 
constant infusion); moreover, species-related factors cannot be ruled out. If any, the 
vascular effects of GLP-1 are likely to be more potent during postprandial and 
hyperglycemic conditions and may serve partly in a similar way as GIP to 
simultaneously potentiate insulin secretion and shunt the blood away from 
pancreas/islets (and possibly from the gut) to the systemic circulation to 
accommodate peripheral metabolism. 
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7.7 Splanchnic circulation in obesity and early after bariatric 
surgery (V) 
 

In previous study (II), a total of ten patients with T2D were subjected to undergo 
bariatric surgical procedure and, at post-surgical screening six months after the 
surgery, observed over 20 % decrease in body weight. This was accompanied with 
significant reductions in fasting and 2-hour plasma glucose, HbA1c, and increases 
in insulin sensitivity and measures of β-cell function. In contrast, study V was 
designed to investigate the metabolic and vascular outcomes of bariatric surgery 
early after the operation in a set of 10 patients with T2D. Interestingly, while the 
weight loss (14 %) was significantly minor in these patients studied at two months 
post-surgery when compared to patients studied at six months post-surgery (P < 
0.05 vs. study II), their fasting plasma glucose were similarly improved. Moreover, 
the post-OGTT insulin and glucose response were markedly and similarly 
improved in both of these post-surgical (i.e. 2– and 6-mo) groups suggesting that 
the surgery-specific manipulation of the GI anatomy outweights the metabolic 
consequences of weight loss per se. These results are in concert with longitudinal 
studies by Nannipieri et al. (2013) and Bojsen-Moller et al. (2014) implying that 
while the improvement in insulin sensitivity is mainly determined by weight 
reduction, resolution of β-cell function is based on the stimulation of postprandial 
incretin effect. This hypothesis is further supported by an elegant study by 
Laferrère (2008), wherein bypass surgery resulted in a significantly increased 
incretin effect and decreased glucose when compared with matched patients who 
where subjected to diet-induced equivalent weight loss. In summary, our and 
others’ results clearly suggest that the improvement in dysglycemia and remission 
of diabetes after bariatric surgery is mainly due to the altered GI anatomy and 
increased gastric emptying rather than weight loss or ventricular restriction. 

After surgical manipulation of the GI tract, meal ingestion was followed by a 
rapid gastric emptying and small intestinal nutrient exposure, as indirectly 
indicated by preponed appearance of glucose and GIP into the bloodstream and, 
consequently, largely enhanced pancreatic and jejunal BF responses. 

Circulating glucose is a significant regulator of total pancreatic BF in vivo after 
a meal ingestion (see study IV). While plasma glucose elevation above baseline 
was postponed in obese patients before surgery when compared with controls, the 
total pancreatic BF rose similarly in both of these groups at 20-minutes post-
ingestion suggesting operational neural (cephalic) factors (Carlsson et al. 2002). In 
contrast, at post-surgery nearly 50% increase in total pancreatic BF was observed 
after meal-ingestion. While a prominent leftward shift of plasma glucose time 
course (with peak a value 3.9 and 2.3 mM higher at 30-minutes post-ingestion than 
in other groups) occurred in parallel with pancreatic BF increase, glucose was not 
directly associated with total pancreatic flow increment at post-surgery. These data 
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suggest that additional factors, such as intestinal glucoreceptors and jejunal nutrient 
sensing (Carlsson et al. 1999, Breen et al. 2012), are potential regulators of 
pancreatic BF at post-surgical state. In contrast to glucose and intestinal transit per 
se, the current study provided further evidence that incretins play a little role in the 
regulation of pancreatic flow at postprandial state. This is indicated in the post-
surgical data, wherein pancreatic perfusion rose similarly in RYGB and VSG 
treated patients despite large differences in incretin milieu. 

The findings that small intestinal BF responses – unchanged in duodenum and 
increased in jejunum - after a meal ingestion were identical in patients before 
surgery and in lean controls suggests that the gut vascular regulatory orchestra 
remains intact after the onset of morbid obesity and diabetic state. This was evident 
in the present data, as the glucose excursion (an indirect measure of gastric 
emptying, Marathe et al. 2013) and GIP response during the 90-minute mixed-meal 
were similar in both of the groups. In contrast, two months after bariatric surgery 
small intestinal BF, especially in jejunum, was markedly upregulated after meal 
ingestion. Based on the early peak in plasma glucose at 30-minutes post-ingestion, 
it is suggestive that much of the increase in small intestinal BF is related to rapid 
gastric emptying, observed both after Roux-en-Y gastric bypass (Marathe et al. 
2013) but also after vertical sleeve gastrectomy (Chamber et al. 2014). However, 
the results of the present study imply that, in addition to the direct chyme and bile 
salt –mediated acceleration in perfusion, GIP and GLP-1 have notable roles in the 
redistribution of splanchnic BF at post-surgical state. This can be deduced from the 
differences in jejunal BF responses after meal ingestion between the two surgical 
groups: patients in the VSG and RYGB group exhibited 213 (155-331) and 61.5 
(58.8-70.8) % increase in jejunal BF at 20-minutes post-ingestion vs. baseline, 
respectively. Based on the identical glucose appearance within the first 30 minutes 
post-ingestion, it is likely that the small intestinal nutrient exposure between these 
two surgical groups were of similar degree. In contrast, a major difference in the 
incretin levels during mixed-meal can be seen between the groups with mean GIP-
to-GLP-1 concentration ratios being 12:1 and 2.2:1 for VSG and RYGB groups, 
respectively (data not shown). We postulate that a promt rise in glucose levels 
accompanied by GLP-1 burst at post-ingestion induces a vast increment in insulin 
secretion rate in RYGB group explaining better postprandial glucose control. 
Hypothetically, the inadequate pooling of blood within the splanchnic region may 
postpone the delivery of insulin and other glucoregulatory hormones into the 
peripheral vasculature (Baron et al. 1990), contributing to the lower diabetic 
remission rate in VSG than in RYGB. However, further studies are needed to 
validate these presumptions. 

Multiple studies have shown that after the onset of diabetic state the secretion of 
GLP-1 during meal is impaired and the dose-response curve is preserved, whereas 
the secretion GIP is preserved but the insulinotropic activity is reduced (Holst et al. 
2009, Nauck et al. 1993). It was hypothesized that this so-called “GIP resistance” is 
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present in the vascular smooth muscle cells in diabetic patients. However, the 
current study showed that the during the 60-minute GIP infusion, pancreatic BF 
decreased and jejunal BF increased to a similar extent in all groups. As the insulin 
secretion rate during the 60-minute experimentation was also similar between the 
groups (data not shown), the present data supports the observations by Meier et al. 
(2004) that a specific defect in the GIP receptor and postreceptor signaling in 
vascular smooth muscle and β-cells is unlike. 

Taken together, the splanchnic vascular responses to meal ingestion are 
markedly increased early after bariatric surgery accommodating nutrient absorption 
and insulin secretion. While much of this increase is caused by the rapid gastric 
emptying and nutrient exposure to the small intestine, the contribution of GIP 
cannot be discarded especially in VSG treated patients. Furthermore, a conclusion 
is made that the splanchnic vascular effects of GIP are preserved in hyperglycemic 
patients. 
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8 SUMMARY OF THE FINDINGS 
 

The results of the preclinical data support the notion that PET coupled with 
radiotracers [18F]FDG, [18F]FTHA and [15O]H2O is feasible and reliable method to 
non-invasively quantitate GU, FA uptake and BF in the splanchnic region, notably 
in pancreas and small intestine. Based on the arterio-portal balance technique the 
behavior of [18F]FDG in the extrahepatic splanchnic compartment is similar to that 
of its radioactively stable counterpart [2H]glucose. In contrast to previous studies, 
current work in a pig model showed that hyperinsulinemia upregulates extrahepatic 
SGU over 50 % despite normal glucose levels. However, from the preclinical data 
the exact location of this increased GU within the extrahepatic splanchnic 
(gastrointestinal) region could not be evaluated. While radiation dose introduced to 
patient and high cost reduce the assessment of PET in a routine practice, molecular 
imaging can be perceived as a complementary tool in the investigation of metabolic 
diseases affecting splanchnic region. 

Exogenous insulin administration had only minute effect on pancreatic GU in 
healthy controls and obese patients, respectively. The latter is likely due to 
resolution of the mass-action effect of glucose during euglycemic clamp. In 
contrast, while GU in small intestine was increased 2-3 fold in healthy controls, 
insulin had no effect on intestinal GU in obese non-diabetic patients suggesting that 
intestinal insulin resistance is an early defect in the pathogenesis of impaired 
glucose regulation and type 2 diabetes. While the current data does not account 
whether the lack of insulin effect on GU of small intestine is either due to 
decreased internalization of glucose, incomplete suppression of intestinal 
gluconeogenesis, or a combination of the two, it is possible that disturbancies in gut 
glucose handling affect gut:microbiome interaction, incretin secretion and nutrient 
absorption warranting further research. Furthermore, disturbed insulin signaling in 
the gut wall may prove to be a reasonable target for pharmacotherapy with agents 
increasing insulin sensitivity, such as biguanides. 

Obesity is associated with increased FA uptake and steatosis of pancreas 
irrespective of the glycemic status of the patients suggesting that overweight and 
obesity per se rather than hyperglycemia affect pancreatic lipid metabolism. 
Despite these findings, FA uptake was not associated with impaired insulin 
secretion or β-cell glucose sensitivity. Present rodent data suggested that pancreatic 
islets are in fact able to compensate for hyperlipidemia, evident in obesity and 
insulin resistance states, by downregulating FA uptake serving as a physiological 
explanation why we and others have failed to verify the lipotoxicity-consept in 
humans. In contrast, pancreatic steatosis was independently associated with 
impaired insulin secretion and glycemic homeostasis, suggesting that excessive 
lipid accumulation – rather than passive FA uptake from bloodstream to pancreas – 
leads to oxidative stress, toxic metabolic pathways and high apoptosis rate in the 
pancreatic β-cells. In concert with this cross-sectional data, bariatric surgery lead to 
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a marked decrease in steatosis rate without altering the non-fat (parenchymal) mass 
of the pancreata in parallel with upregulation of β-cell function. As the weight loss 
per se was not directly associated with the resolution of pancreatic steatosis, further 
research is implicated to clarify the role of weight loss –independent mechanisms 
(incretin secretion, neural factors) of surgical manipulation of the GI tract to the 
improved pancreatic lipid metabolism. 

Pancreatic BF was impaired in obese patients with and without diabetes despite 
their larger pancreatic volume due to lipid accumulation. Based on the high relative 
BF to the pancreatic islets at both postabsorptive and absorptive state, it is 
suggestive that this decrease in pancreatic BF is at least partly due to the specific 
impairement in islet perfusion supporting previous studies in animal models of 
obesity and diabetes. In the cross-sectional data, impaired pancreatic/islet BF rate 
was associated with both β-cell glucose unresponsiveness and insulin secretory 
defect implying that inadequate islet BF attenuate both glucose and non-glucose 
insulin secretagogue delivery to the islets as well as insulin drainage from the 
islets. Surprisingly, however, six months after bariatric surgery pancreatic BF was 
further decreased in parallel with the surgery-induced increase in insulin sensitivity 
and thus lesser metabolic needs. Despite the groupwise decrease in pancreatic BF, 
those diabetic patients who had a good preservation in pancreatic BF had more 
favorable fasting glucose levels emphasizing the relevance of adequate 
pancreatic/islet perfusion on normal endocrine functions of pancreas. As no linear 
association between total pancreatic BF and insulin secretion during meal was 
observed, it is plausible that the relevance of pancreatic BF on glycemic 
homeostasis is more emphasized during the postabsorptive rather than during the 
absorptive state. 

Meal ingestion is followed by a diffuse upregulation of splanchnic BF in both 
lean controls and obese patients with diabetes. In this physiological redistribution 
phenomenon, glucose, incretin hormones GIP and GLP-1, and neural factors have a 
significant contribution. Elevation in plasma glucose is associated with an increase 
in pancreatic BF whereas GIP increases small intestinal and decreases pancreatic 
BF. After bariatric surgery splanchnic vascular responses are largely enhanced and 
regulate intermediary metabolism by affecting nutrient absorption and hepatic and 
peripheral metabolism. While rapid small intestinal nutrient exposure may partly 
explain these post-surgical vascular responses, it is likely that the preponed glucose 
appearance and GIP-to-GLP-1 concentration ratio in the preportal circulation 
mainly determine the observed vascular outcomes within the splanchnic region 
after meal ingestion. 
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9 CONCLUSIONS 
 
I. PET is a feasible method to quantitate pancreatic and intestinal GU, FA 

uptake, and BF. [18F]FDG biodistribution is homogeneous within the 
pancreatic parenchyma whereas the majority of gut wall [18F]FDG is 
preferentially accumulated in the mucosa. 
 

II. Obesity impairs pancreatic GU and BF, and enhances pancreatic FA uptake 
and steatosis. These outcomes are irrespective of the diabetes status. High 
rate of pancreatic steatosis associates with lower insulin levels. 

 
III. Bariatric surgery decreases pancreatic FA uptake and steatosis, and the 

decrease in latter correlates with increased insulin levels suggesting that 
reversal of pancreatic fat metabolism contributes to the beneficial metabolic 
effects of bariatric surgery. 

 
IV. Insulin stimulates duodenal and jejunal GU in healthy individuals, whereas in 

glucose-tolerant obese subjects insulin does not elicit measurable increase in 
small intestinal GU suggesting obesity-induced intestinal insulin resistance. 

 
V. Mixed-meal ingestion increases pancreatic and jejunal BF and unchanges 

duodenal BF. Of these responses, glucose affects pancreatic BF and GIP 
affects jejunal BF, respectively. In contrast, infusion of exogenous GLP-1 
decreases pancreatic and unalters duodenal and jejunal BF, alluding it’s 
lesser role in the regulation of splanchnic redistribution of BF after a meal. 

 
VI. Bariatric surgery leads to marked increases in pancreatic and jejunal BF 

responses at postprandial state. In addition, duodenal BF is enhanced in 
VSG-treated but not RYGB-treated subjects. Bariatric surgery does not alter 
splanchnic BF responses elicited by the infusion of exogenous GIP.  
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