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Preface

This book focuses on relevant topic in clinical nutrition research, particularly on
the effects of slowly absorbed carbohydrates on postprandial glucose metabolism
in type 2 diabetes. Slowly absorbed carbohydrates will cause gradual increases in
blood glucose and insulin levels and may therefore be effective as part of a treatment
strategy for glycemic control and reduction of cardiovascular complications in type
2 diabetes.

Two clinical studies with randomized, double-blinded, and crossover design are
presented in detail in this book. The first study characterized metabolic pathway of
the disaccharide slowly digested isomaltulose as opposed to rapidly digested sucrose
using a double isotope technique, which combines a hyperinsulinemic-euglycemic
clamp with an oral load of the disaccharides. This method enables assessment of
glucose absorption, postprandial glucose turnover, and insulin sensitivity by using
mathematical models, such as the one- and two-compartment models of glucose
kinetics as well as the oral glucose minimal model of insulin action in type 2 diabetic
patients. The second study assessed postprandial glucose and insulin responses after
oral administration of isomaltulose alone or in combination with proteins in type 2
diabetic patients. The results of these studies provide novel insight on the effects
of slowly absorbed carbohydrates on postprandial glucose homeostasis in type 2
diabetes.

The key features of this book are:

• It provides an up-to-date systematic review on the effects of slowly absorbed
isomaltulose on postprandial glucose metabolism in humans, including healthy
probands, impaired glucose-tolerant subjects, and both type 1 and type 2 diabetic
patients

• It examines the metabolic response of slowly absorbed isomaltulose compared to
rapidly absorbed sucrose comprehensively in type 2 diabetic patients

• It gives an extensive description of the assessment methods and a detailed
calculation procedure of glucose kinetics and insulin action

• It highlights new evidence on the role of slowly absorbed carbohydrates for
glycemic control in type 2 diabetes
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viii Preface

This book is intended for both the general reader and the specialist, including
nutritional scientists, academics or researchers interested in nutrition and clinical
nutrition, endocrinologists, diet or diabetes advisors, nutritionists, public health
scientists or healthcare providers who are interested in health promotion and
prevention of diabetes diseases, and students searching for detail information on
the application of stable isotopes in a clinical setting.

September 2015 Meidjie Ang
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Chapter 1
Introduction

The prevalence of diabetes mellitus is increasing worldwide. Recent global
estimations indicate that the number of people with diabetes has more than doubled
over nearly the past three decades to 347 million (Danaei et al. 2011). World
Health Organization (WHO) predicts that diabetes will be the seventh leading
cause of death in 2030 (WHO 2011a). Much of the increase in diabetes incidence
has been attributed to population growth, aging, and lifestyle changes including
excessive calorie intake as well as physical inactivity that lead to obesity. The
most common form of diabetes is type 2 diabetes mellitus (T2DM), affecting
around 90 % of diabetic patients worldwide (WHO 1999). T2DM often occurs in
adulthood; however, it has become increasingly prevalent in obese children and
adolescents (Reinehr 2013). This metabolic disease is characterized by chronic
fasting and postprandial hyperglycemia, with the central defects being defective
insulin secretion and diminished tissue insulin sensitivity (WHO 1999).

1.1 Problem Statement and Aims

Increasing evidence suggests that postprandial hyperglycemia plays an important
role in the development of long-term cardiovascular complications, such as retinopa-
thy, nephropathy, and neuropathy in T2DM individuals (DECODE Study Group
2001; Milicevic et al. 2008). To reduce the progression of these complications, an
optimal postprandial glycemic control should be considered in the treatment strategy
(Del Prato 2002). Several reviews indicate that nutrition and lifestyle interventions
can be effective in delaying the onset of the disease (Psaltopoulou et al. 2010;
Thomas et al. 2010; Walker et al. 2010). Meta-analyses of randomized controlled
trials reported that a low glycemic index (GI) diet has a clinically significant effect
on glycemic control (Brand-Miller et al. 2003; Thomas and Elliott 2010). The
GI, originally described by Jenkins et al. (1981), measures the extent to which

© The Author 2016
M. Ang, Metabolic Response of Slowly Absorbed Carbohydrates in Type 2 Diabetes
Mellitus, SpringerBriefs in Systems Biology, DOI 10.1007/978-3-319-27898-8_1
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2 1 Introduction

carbohydrates affect blood glucose. Carbohydrates with a low GI are usually slowly
absorbed, producing delayed gradual rises in blood glucose and insulin levels.
However, the most recent nutritional guideline emphasizes quantity rather than
quality of carbohydrates for the dietary management of T2DM (Evert et al. 2014).

Isomaltulose (ISO), an isomer of sucrose (SUC), is digested slower than other
sugars such as SUC or maltose. Due to its GI value of 32 (Atkinson et al. 2008), it
is classified as a low GI carbohydrate. A review of biological and toxicological
studies reported that plasma glucose and insulin levels rise gradually after oral
administration of ISO compared to SUC in healthy humans (Lina et al. 2002).
Attenuations of postprandial plasma glucose and insulin levels following ISO versus
SUC consumption have been demonstrated in healthy (Macdonald and Daniel 1983;
Kawai et al. 1985, 1989; Liao et al. 2001; van Can et al. 2009; Holub et al.
2010; Maeda et al. 2013), impaired glucose-tolerant (van Can et al. 2012), and
T2DM subjects (Kawai et al. 1989; Liao et al. 2001). The effects of ISO intake on
postprandial glucose homeostasis, however, have not been comprehensively studied
in T2DM individuals.

Dietary macronutrients carbohydrates, proteins, and fats are usually consumed in
a complex food matrix rather than in their pure form. As a consequence, glycemic
response may be modified because the macronutrients interact with each other.
Understanding nutrient interdependencies is therefore important. For instance, food
proteins alone stimulate insulin secretion, whereas a combined uptake of proteins
with carbohydrates notably triggers additive effect on insulin release (Gannon et al.
1988, 1992; van Loon et al. 2003; Manders et al. 2005, 2006). The effects of insulin
stimulation on glucose homeostasis, however, have been controversial in T2DM
subjects. Some studies have shown an improvement in glucose response when
proteins and carbohydrates were administered together compared to the uptake of
carbohydrates alone (Gannon et al. 1988; Manders et al. 2005, 2006). Other studies
did not confirm this effect (Gannon et al. 1992; van Loon et al. 2003). It is therefore
unclear whether a combined load of protein and slowly digested ISO could improve
postprandial glucose response in these subjects.

Based on the above considerations, this work aimed to firstly assess postprandial
glucose metabolism after a bolus ingestion of ISO compared with SUC using
a combined double tracer technique of euglycemic-hyperinsulinemic clamp and
oral ISO or SUC load in T2DM subjects. This method enabled simultaneous
quantification of systemic glucose appearance and disappearance rates accurately as
well as differentiation between oral and endogenous glucose release into the blood
circulation. Secondly, this work investigated whether a combined load of protein
and slowly digested ISO could stimulate insulin secretion, thereby improving
postprandial glucose response in T2DM patients. An isonitrogenous mixture of
whey and soy proteins, as well as casein, was used as protein sources.
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1.2 Contributions

The major contributions of the work in this book are:

• Conducting a systematic review on the effects of ISO consumption on post-
prandial glucose metabolism in humans, including healthy probands, impaired
glucose-tolerant subjects, and both type 1 diabetes mellitus (T1DM) and T2DM
patients. This review provides a comprehensive up-to-date analysis of the
evidence of attenuated plasma glucose and insulin levels after ISO ingestion
compared with other carbohydrates such as SUC or dextrose.

• Simulating an appropriate glucose infusion (GINF) rate using pilot data of a
hyperinsulinemic-euglycemic clamp in combination with oral ISO or SUC load
in T2DM subjects. Under this experimental condition, blood glucose levels
were aimed to remain in the near-normal range (�5 mmol=L) by infusing and
adjusting GINF at a variable rate. The time-varying GINF rate was simulated by
applying an algorithm developed by Furler et al. (1986).

• Analyzing and calculating postprandial glucose turnover rates extensively using
stable isotope data. Under non-steady-state condition, postprandial glucose
kinetics can be calculated by using two widely used approaches: Steele’s one-
compartment model (1-CM) (Steele 1959) and Mari’s two-compartment model
(2-CM) (Mari 1992). Considering the experimental condition applied in the
hyperinsulinemic-euglycemic clamp, both models were slightly modified by
combining them with the procedure described by Finegood et al. (1987). The
results of both approaches were subsequently compared.

• Performing and assessing the feasibility of non-invasive methods for calculation
of first-pass splanchnic glucose uptake (SGU). This parameter can be determined
by using two available approaches: a tracer method or a method based on the
procedure of Ludvik et al. (1997). The findings indicate that the first approach is
accurate in estimating SGU, because SGU is calculated directly from ingested
glucose tracer, leading to reproducible data. Conversely, the latter method is
limited in its use because SGU is estimated indirectly, which depends exclusively
on GINF data. Based on these considerations, SGU was calculated using labeled
glucose tracer after administration of ISO or SUC.

• Establishing and implementing a method for estimation of tissue insulin sensi-
tivity in the postprandial state. This was done by evaluating several modeling
methods for determination of postprandial insulin resistance. The oral glucose
minimal model is one of the approach that has been proposed to accurately
measure overall insulin effects on glucose disposal and glucose production
after glucose or meal ingestion in healthy subjects. This approach, which was
originally developed by Bergman et al. (1979) and further extended by Caumo
et al. (2000) and Dalla Man et al. (2002), has been validated by clamp experiment,
tracer method, and intravenous glucose tolerance test (IVGTT) (Dalla Man
et al. 2004, 2005; Cobelli et al. 2007). An insulin sensitivity index (SI) was
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derived from the general formulation of oral glucose minimal model, which
was implemented in the estimation of insulin sensitivity following ISO or SUC
administration in T2DM subjects.

1.3 Outline

This book begins with a theoretical background in Chap. 2 on the topic of diabetes
mellitus, physiology of normal glucose homeostasis, and impairment of glucose
homeostasis in T2DM in the postabsorptive and postprandial conditions. A state
of the art reviews literature on the effects of ISO consumption on postprandial
glucose metabolism in healthy, impaired glucose-tolerant, and diabetic subjects
is provided. The last section of this chapter highlights implications from the
literatures and develops work objectives. Chapter 3 explains the research method
applied to address the work objectives proposed in Chap. 2. Research design,
recruitment of subjects, and experimental procedure are outlined here. In addition,
sample measurements, data analysis and calculations, and statistics are described
extensively. Chapter 4 presents detailed results of the studies. Chapter 5 discusses
the results and methodology used in the studies and draws conclusions based on the
findings. Finally, the results are summarized in Chap. 6.



Chapter 2
Background and Objectives

2.1 Diabetes Mellitus

Diabetes mellitus describes a group of metabolic diseases, which is characterized
by chronic hyperglycemia with metabolic disturbances of carbohydrate, lipid, and
protein. It results from defects in insulin secretion, insulin action, or combination
of both. Characteristic symptoms of hyperglycemia include polydipsia, polyuria,
polyphagia, weight loss, and blurred vision. Severe hyperglycemia, if untreated,
may lead to acute complications of developing potentially life-threatening ketoaci-
dosis or hyperosmolar hyperglycemic state. Chronic hyperglycemia is associated
with long-term complications of dysfunction and failure of different organs, such
as retinopathy with potential blindness; nephropathy leading to renal failure;
peripheral neuropathy with risk of foot ulcers, amputation, and neuropathic joints;
and manifested autonomic neuropathy causing gastrointestinal symptom and sexual
dysfunction as well as long-term risk of developing cardiovascular, peripheral
vascular, and cerebrovascular diseases (WHO 1999; Genuth et al. 2003).

2.1.1 Diagnostic Criteria

Diabetes mellitus is diagnosed when measurements of fasting plasma glucose levels
equal or exceed 7 mmol=L (126 mg=dL). If the estimated values lie in the uncertain
range, i.e., between the cut-off values, the measurement should be repeated or
alternatively an oral glucose tolerance test (OGTT) needs to be performed. Using
OGTT, it is sufficient to measure plasma glucose level while fasting and at 2 h
after a 75 g oral glucose load. The diagnosis is established when the 2-h plasma
glucose level equals or exceeds 11.1 mmol=L (200 mg=dL). Both criteria have
been suggested by WHO and the American Diabetes Association (ADA) over a
decade ago (WHO 2006; ADA 2010). In 2009, an International Expert Committee
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consisting of representatives of ADA, European Association for the Study of
Diabetes (EASD), and International Diabetes Federation (IDF) recommends a
further method through measurement of glycated hemoglobin (HbA1c) as a marker
of chronic glycemia reflecting average blood glucose levels over a 2- to 3-month
period of time (International Expert Committee 2009). This recommendation has
been applied by ADA and WHO since 2010/2011. An HbA1c threshold value
of �48 mmol=mol (6.5 %) confirms the diagnosis of diabetes mellitus (ADA
2010; WHO 2011b). In the absence of unequivocal hyperglycemia, one of the
three methods should be re-tested until the diagnostic situation becomes clear.
Additionally, patients with classical symptoms of hyperglycemia or hyperglycemic
crisis can be diagnosed with diabetes mellitus when a random or casual plasma
glucose level equals or exceeds 11.1 mmol=L (200 mg=dL) (ADA 2010).

People with impaired fasting glucose (IFG) and impaired glucose tolerance
(IGT) are at increased risk to develop diabetes mellitus. The states of IFG and
IGT are defined when plasma glucose levels lie in the intermediate range between
normal and diabetic values. According to WHO, people diagnosed with IFG have
fasting plasma glucose levels between 6.1 and 6.9 mmol=L (110–125 mg=dL) and
those with IGT have 2-h plasma glucose values between 7.8 and 11.1 mmol=L
(140–200 mg=dL) after a 75 g OGTT (WHO 2006). The ADA applies a slightly
different range for IFG with fasting plasma glucose levels of 5.6–6.9 mmol=L (100–
125 mg=dL) (ADA 2010). Table 2.1 summarizes the diagnostic criteria for diabetes
and intermediate hyperglycemia.

Table 2.1 Criteria for diagnosis of diabetes mellitus and intermediate hyperglycemia

Fasting glucose 2-h glucose HbA1c

mmol=L (mg=dL) mmol=L (mg=dL) mmol=mol (%)

IFG/IGT (WHO) 6.1–6.9 (110–125) 7.8–11.1 (140–200) Undefined

IFG/IGT (ADA) 5.6–6.9 (100–125) 7.8–11.0 (140–199) 39–46 (5.7–6.4)

Diabetes mellitus (WHO) �7.0 (126) �11.1 (200) �48 (6.5)

Diabetes mellitus (ADA) �7.0 (126) �11.1 (200) �48 (6.5)

Values represent venous plasma glucose. IFG and IGT are the abnormalities of glucose
regulation in the fasting and postprandial states, respectively. In the absence of unequivocal
hyperglycemia, the above criteria for diagnosis of diabetes should be confirmed by repeated
measurements. Recommended criteria according to WHO (2006), ADA (2010), and WHO
(2011b)

2.1.2 Classification

Diabetes mellitus is categorized into four types, namely T1DM, T2DM, gestational
diabetes mellitus (GDM), and other specific types of diabetes. Among those types,
T1DM and T2DM are the two diabetic cases that appear frequently. T1DM begins
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mostly in the early childhood; people affected by T1DM have usually normal
weight. T2DM, on the other hand, is more common in older adults who are obese,
but nowadays it has become increasingly prevalent in obese children and adolescent
(Reinehr 2013).

T1DM, formerly known as insulin-dependent diabetes or juvenile-onset diabetes,
accounts for 5–10 % of the cases and is characterized by loss of insulin-producing
beta-cells of the islets of Langerhans in the pancreas, leading to absolute insulin defi-
ciency. This is caused by an autoimmune destruction of the pancreatic ˇ-cells, which
can be identified by using markers of immune-mediated destruction of ˇ-cells, such
as autoantibodies to islet cells, insulin, glutamic acid decarboxylase, and tyrosine
phosphatases islet antigen 2 and 2ˇ in combination with genotyping of human
leukocyte antigen DR and DQ gene loci. The autoimmune ˇ-cells destruction is
related to genetic predisposition and may also be triggered by environmental factors
that are however still insufficiently defined. Due to lack of insulin, hyperglycemia
becomes manifest with a typical symptom of ketoacidosis. In advanced stage of
T1DM, endogenous insulin secretion remains little or none as identifiable by the
low or undetectable plasma C-peptide levels (WHO 1999; ADA 2010). As a result,
exogenous insulin administration becomes necessary for controlling the manifested
hyperglycemia. Insulin therapy often includes the use of insulin analogues and
mechanical technologies such as insulin pumps and continuous glucose monitors
(Atkinson et al. 2014). Hypoglycemia may occur with intensified insulin treatment,
but mostly is due to defective glucose counterregulation (Ang et al. 2014).

T2DM, formerly known as non-insulin-dependent diabetes or adult-onset dia-
betes, is the most common form of diabetes, accounting for 90–95 % of the
cases. Individuals with T2DM are usually insulin resistant and have a relative
insulin deficiency in opposite to T1DM. By definition, autoimmune destruction of
ˇ-cells does not occur, and none of the above other classified types of diabetes
mellitus causes this form of diabetes (WHO 1999; ADA 2010). Its etiology is
complex and involves multiple processes, including genetic, social, behavioral, and
environmental factors (Ripsin et al. 2009; Reinehr 2013). The latter one is thought
to be the predominant cause with obesity representing the hallmark of the disease.
Most individuals with T2DM are overweight or obese, defined as having a body
mass index (BMI) greater than 25, whereas those who are non-obese may have
a marked increase of abdominal body fat. Obesity itself may also cause insulin
resistance. This type of diabetes remains often undiagnosed even after several years
of manifested hyperglycemia, because the existing hyperglycemia is not sufficiently
severe to cause remarkable symptoms. Ketoacidosis occurs seldom in T2DM.
Plasma insulin and C-peptide levels are elevated in contrast to T1DM. Most of
the evidence-based guidelines for T2DM management focus primarily on lifestyle
modification, normalization of blood glucose level, and reducing the risk factors
for micro- and macrovascular complications. Lifestyle intervention such as weight
reduction, increased physical activity, and reduced calorie as well as fat intake may
help improve insulin resistance. If compliances to diet and exercise are low or the
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glycemic goal (HbA1c<7 %) is not achieved, pharmacological therapy is required.
Treatment with insulin is introduced when glycemic control is no longer possible
with oral agents or when contraindication to oral medications exists (WHO 1999;
ADA 2010; Ripsin et al. 2009; Reinehr 2013).

The third type, i.e., GDM, is hyperglycemia that is first recognized during
pregnancy. Other types of diabetes mellitus can be caused by monogenetic defects
in ˇ-cell function, such as impaired insulin secretion due to mutations on different
chromosomes (e.g., defects in hepatic transcription factor or glucokinase gene),
commonly referred to as maturity-onset diabetes of the young (MODY) with
minimal or no defects in insulin action; mutations in insulin receptor gene that
cause defects in insulin action; diseases of exocrine pancreas (e.g., pancreatitis,
pancreatectomy, pancreatic carcinoma); excess of hormones, i.e., growth hormone,
cortisol, glucagon, epinephrine which antagonize insulin action (e.g., acromegaly,
Cushing’s syndrome, glucagonoma, pheochromocytoma, respectively); drugs that
impair insulin secretion and insulin action; as well as infections by certain viruses
associated with destruction of ˇ-cells (WHO 1999; ADA 2010).

2.2 Glucose Homeostasis

Plasma glucose levels fluctuate throughout the day as a result of increasing or
decreasing supplies (e.g., during fasting, eating, or exercise) but are restored
within a narrow range at approximately 5 mmol=L (90 mg=dL). The maintenance
process of plasma glucose at constant concentration (normoglycemia) is
termed glucose homeostasis, resulting from coordination of factors that regulate
the rate of glucose entering the circulation (rate of appearance/release, Ra) and
the rate of glucose leaving the circulation (rate of disappearance/disposal, Rd).
By definition, a normal fasting plasma glucose level should be lower than
6.1 mmol=L (110 mg=dL), and a normal 2-h plasma glucose level should not exceed
7.8 mmol=L (140 mg=dL) (WHO 2006).

2.2.1 Role

Glucose is an essential source of cellular energy. While most tissues can utilize free
fatty acids (FFA) as a metabolic fuel in addition to glucose, the brain is critically
dependent on the constant supply of glucose from plasma. This occurs due to several
limitations; FFA do not cross the blood-brain barrier, brain cannot synthesize or
store glucose, and ketone bodies as alternative substrates are normally present at
low levels in plasma. During starvation period, ketone bodies may become impor-
tant substitutes for glucose because their circulating concentrations are increased
(Gerich 2000). Conditions of hypoglycemia, as plasma glucose concentrations
fall below the physiological range (<2.8 mmol=L, 50 mg=dL) or more severe
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forms, cause impairment in brain function, brain damage, and even death (Siesjö
1988; Cryer 2008). Conversely, elevated plasma glucose levels are associated with
increased risks for cardiovascular disease and mortality (DECODE Study Group
2003; Levitan et al. 2004). Therefore, glucose homeostasis is fundamental for
living organisms in order to prevent from pathological consequences resulting from
hypoglycemia or hyperglycemia.

2.2.2 Regulatory Factors and Actions

Regulation of glucose homeostasis involves control of endogenous glucose produc-
tion (EGP) and whole-body glucose utilization by various tissues, including liver,
kidney, skeletal muscle, adipose tissue, gastrointestinal tract, pancreas, and brain.
Among them, the liver plays a major role. It releases glucose into the circulation
in the fasting state, takes up some of the ingested glucose derived from meal, and
stores them as glycogen. The liver is also able to breakdown glycogen into glucose
(glycogenolysis) and synthesize glucose from the substrates lactate, amino acids,
and glycerol (gluconeogenesis). Thus, the liver serves to keep a constant plasma
glucose level by modulating glucose uptake as well as glucose production via
glycogenolysis and gluconeogenesis (Wahren and Ekberg 2007).

Besides the liver, the kidney is the only organ capable of producing glucose. Both
liver and kidney contain the required enzyme glucose-6-phosphatase for releasing
glucose into the blood. Due to lack of this enzyme, many other organs are limited
in their function to release glucose. Unlike the liver, the kidney contains only
little amount of glycogen, and therefore it synthesizes and releases glucose almost
exclusively through gluconeogenesis. Although its contribution to overall systemic
glucose is small, the proportion of glucose production due to gluconeogenesis
is roughly comparable to that of the liver (Gerich 2000). Other renal regulatory
mechanisms include uptake of glucose from the circulation to meet its energy needs,
reabsorption of glucose at the proximal tubule, and elimination of excess glucose in
the urine (Triplitt 2012b).

The majority of peripheral glucose disposal occurs in muscle cells, with a small
amount taken up by the adipose tissues. After entry into cells, glucose may be
immediately oxidized for energy (oxidative glycolysis), converted to lactate or
alanine (non-oxidative glycolysis), or stored as glycogen or lipid. Skeletal muscle
cannot release free glucose into circulation; however, it has the ability to produce
lactate and amino acids from its glycogen storage and protein pool. Lactate, alanine,
and glutamine are the major precursors to be incorporated into glucose by the liver
and kidney (Gerich 2000; Meyer et al. 2005). Although adipocytes contribute only
to a small proportion of the total body glucose disposal, it plays an important role
in the maintenance of glucose homeostasis by regulating FFA release from stored
triglycerides and influencing insulin sensitivity in muscle and liver (Triplitt 2012a).

Multiple glucoregulatory hormones are involved in the regulation of glucose
homeostasis. Insulin and glucagon are the most relevant ones. Both hormones are
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produced in the pancreas by islet of Langerhans; ˇ-cells secrete insulin while
˛-cells release glucagon. Insulin acts to reduce plasma glucose levels through
several mechanisms. It increases glucose disposal into insulin-sensitive tissues
(muscle and adipose cells), which facilitates glycogenesis (glycogen synthesis) and
lipogenesis (fat formation) (Triplitt 2012a). Further, it inhibits glucose release from
liver and kidney directly via enzyme activation or deactivation and indirectly via
suppression of gluconeogenic substrate availability and glucagon secretion (Gerich
2000). Insulin reduces FFA release by inhibiting lipolysis (fat breakdown) and
promoting triglyceride storage and simultaneously increases FFA clearance from
the circulation. In addition, it stimulates amino acids uptake and protein synthesis in
muscle cells, thereby reducing the circulating substrates for gluconeogenesis (Meyer
et al. 1998a; Aronoff et al. 2004). Glucagon also plays a central role in glucose
homeostasis by acting exclusively on the liver to enhance hepatic glycogenolysis,
which decelerates after several hours and is followed by increased gluconeogenesis
(Magnusson et al. 1995; Gerich 2000). Glucagon secretion is stimulated in response
to hypoglycemia, leading to increased hepatic glucose production, and is inhibited
by hyperinsulinemia (Aronoff et al. 2004; Triplitt 2012a). Thus, glucagon exhibits
the opposite effects of insulin through elevation of plasma glucose levels.

Incretin hormones are also involved in the regulation of glucose homeostasis.
Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1
(GLP-1) are the two incretin hormones that are secreted from the small intestine
in response to meal ingestion. Both hormones regulate insulin secretion within
the nutrients in the food, also called the incretin effect. The concept of incretin
was used to explain a greater insulin response induced by oral glucose load
compared to the same amount of intravenous glucose administration. GIP is secreted
from enteroendocrine K-cells primarily in the upper part of the small intestine to
facilitate glucose disposal following meals containing carbohydrate or fat, enhance
incorporation of FFA into triglyceride, and modulate FFA synthesis. On the other
hand, GLP-1 is released from enteroendocrine L-cells located in the small bowel
and lower gut, which acts in addition to its insulinotropic effect to inhibit gastric
emptying, suppress glucagon secretion, and reduce EGP; all of which help to lower
blood glucose levels (Kim and Egan 2008).

A group of hormones acts to regulate glucose homeostasis once plasma glucose
levels fall below the normal value. Due to the brain dependence on plasma
glucose, these hormones are activated to prevent hypoglycemia; they are called
counterregulatory hormones, which include glucagon, catecholamines (epinephrine
and norepinephrine), cortisol, and growth hormone. Collectively, these hormones
rise plasma glucose levels by increasing EGP and decreasing glucose uptake by
insulin-sensitive tissues (Ang et al. 2014).
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2.2.3 Regulation of Glucose Homeostasis

2.2.3.1 Postabsorptive State

In the postabsorptive state (10–16 h overnight fast), plasma glucose levels are
relatively stable (�5 mmol=L) since rates of glucose release into the circulation
approximate rates of glucose removal from the circulation (�10 �mol=kg=min).
During this period, �80–85 % of glucose production is derived from the liver, and
the remaining �15–20 % originates from the kidney (Gerich 2000; DeFronzo 2004).
Glycogenolysis and gluconeogenesis contribute equally to the overall glucose
release; approximately half of the amount of glucose produced is the result of hep-
atic glycogenolysis, and another half is due to gluconeogenesis with approximately
similar proportion from both liver and kidney. When the fasting period is prolonged
and hepatic glycogen stores become depleted, the contributions of both hepatic and
renal gluconeogenesis increase even more (Gerich 2000; Wahren and Ekberg 2007).

Glucoregulatory hormones control hepatic and renal glucose production differ-
ently. Glucagon exerts its effect solely in the liver. Thus, in the postabsorptive
state, more than half of the glucose derived from hepatic glycogenolysis and
gluconeogenesis is dependent on the maintenance of normal basal glucagon levels.
Epinephrine increases glucose release predominantly via renal gluconeogenesis and
to a lesser extent through increased concentrations of gluconeogenic substrates
(Gerich 2000). Insulin, on the other hand, suppresses glucose release by both liver
and kidney. However, this action is minimal due to low insulin secretion in the
fasting state (Aronoff et al. 2004).

The major source of body’s energy requirements in the postabsorptive state is
matched by oxidation of FFA. Several tissues, such as brain and red blood cells,
with an obligatory need for glucose, yet continue to consume it. To supply these
organs with glucose, splanchnic tissues (liver and gut), mainly liver, therefore
switch from glucose uptake to glucose production (Wahren and Ekberg 2007).
Consequently, most of the circulating glucose in the fasting state is used by the
brain (�45–60 %), and only a small proportion is taken up by the splanchnic tissues
(�3–6 %). Postabsorptive glucose disposal also takes place in other organs, such
as in muscle cells (�15–20 %), kidney (�10–15 %), blood cells (�5–10 %), and
adipose tissues (�2–4 %) (Gerich 2000). Glucose disposal rates into muscle and
adipose tissues depend on basal insulin levels in the postabsorptive state (Consoli
et al. 1992; DeFronzo 2004), whereas glucose uptake by brain, renal medulla,
splanchnic tissues, and blood cells occurs largely independent on insulin. Rather, it
depends on tissue demands, mass action effect of plasma glucose concentration per
se, and the number and characteristics of glucose transporters (GLUTs) in specific
tissues. After its uptake into cells, glucose is not stored as glycogen but completely
oxidized to CO2 or undergoes non-oxidative glycolysis and is released back into
the circulation as lactate, alanine, and glutamine for further resynthesis into glucose
(Gerich 2000). Regulation of postabsorptive glucose homeostasis is summarized in
Fig. 2.1.
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Fig. 2.1 Postabsorptive glucose homeostasis including regulation of glucose production and
glucose utilization by several tissues as well as glucoregulatory hormones. Glucose production
is derived mainly from the liver under the control of glucagon, with a little contribution from the
kidney. Glucose uptake in muscle and adipose tissues is dependent on basal insulin levels, whereas
its disposal into other organs occurs largely independent of insulin. Insulin action on glucose
production is decreased due to low insulin secretion in the fasting state. Solid arrows represent
enhanced effect, and dashed arrows represent diminished effect (Percentage values adapted from
Gerich 2000 and DeFronzo 2004)

2.2.3.2 Postprandial State

The magnitude of circulating glucose excursions following meal ingestion can be
affected by several factors that enter into and exit from the systemic circulation.
These include food digestion within the lumen of the small intestine, glucose
absorption into the portal vein, glucose extraction by the splanchnic tissues,
endogenous glucose release by the liver and kidney, and posthepatic glucose
uptake with subsequent storage, oxidation, or non-oxidative glycolysis (Gerich
2000). Following digestion and absorption of meal-derived glucose from the small
intestine, glucose is transported via the portal vein to the liver. During this time,
the liver switches from glucose production to glucose uptake and storage (Ludvik
et al. 1997; Wahren and Ekberg 2007). A portion of the ingested glucose is initially
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metabolized by the splanchnic tissues, and the remainder reaches the systemic
circulation. Thus, under postprandial condition, the amount of glucose released
into the blood circulation is determined by the rates of glucose absorption, SGU,
and EGP. Rates of systemic glucose appearance in plasma, therefore, represent the
sum of orally ingested glucose escaping first-pass splanchnic extraction and the
endogenous glucose released by the liver and kidney (Gerich 2000; Basu et al.
2001). Ingested glucose appears in the circulation as early as 15 min, reaches a peak,
and decreases gradually thereafter. At the same time, EGP is suppressed (Gerich
2000; Aronoff et al. 2004; Wahren and Ekberg 2007).

Approximately 30 % of ingested glucose is initially extracted by the splanchnic
tissues (mostly liver) and may be immediately stored as glycogen (Gerich 2000;
Wahren and Ekberg 2007). The remaining glucose, which enters the systemic
circulation, is mainly taken up by muscle cells (�35–40 %), again the liver (�20 %),
and other tissues, such as brain (�20 %), kidney (�10 %), adipocytes and other
cells (�7–15 %) (Gerich 2000). Glucose taken up by the tissues is initially oxidized
and later is stored as glycogen or may undergo non-oxidative glycolysis, leading to
formation of 3-carbon compounds, such as pyruvate, lactate, and alanine. These
compounds may be synthesized into glucose via gluconeogenesis, subsequently
may either be stored in glycogen or be released into plasma as glucose (Woerle
et al. 2003).

Plasma glucose levels are determined by the balance between the rates of
systemic glucose appearance and the rates of systemic glucose disappearance.
During the first 2 h following meal ingestion, plasma glucose levels increase but
rarely beyond 9 mmol=L, because rates of glucose appearance exceed rates of
glucose disappearance in the systemic circulation. Glucose disappearance rates
normally follow a similar pattern to the rates of glucose appearance but are shifted
in time (Gerich 2000). Elevated plasma glucose levels necessitate insulin secretion
to increase glucose transport into muscle and adipose tissues. Endogenous glucose
release is concomitantly suppressed via direct action of insulin by binding to its
receptors that activates insulin-signaling pathway, and via paracrine effect or direct
communication within the pancreas between ˛- and ˇ-cells, resulting in inhibition
of glucagon secretion (Aronoff et al. 2004). The coordinated reciprocal release
of insulin and glucagon as well as early insulin rise predominantly determine the
suppression of glucose release and the initial splanchnic glucose extraction (Gerich
2000). Plasma FFA and glycerol concentrations decrease due to the inhibition
of lipolysis, while plasma lactate concentrations increase as a result of increased
glycolysis (Woerle et al. 2003). In addition to the insulin release, gut incretin GLP-
1 and GIP hormones are secreted to facilitate glucose-dependent insulin secretion.
Figure 2.2 summarizes regulation of postprandial glucose homeostasis in healthy
persons.



14 2 Background and Objectives

Peripheral Tissues

Pancreas

Brain

Gastrointestinal Tract

Kidney

Plasma Glucose

Liver

Rate of 
glucose 

appearance

Rate of 
glucose 

disappearance

FatMuscle

35-40% 7%

20%

20%

Blood Cells

3-8%

Glucagon
Alpha

Beta

GLP-1

100%

70%
30%

10%

GIP

Insulin

Fig. 2.2 Postprandial glucose homeostasis including regulation of glucose release and glucose
utilization by several tissues as well as glucoregulatory hormones. After meal ingestion, glucose
is absorbed from the small intestine and transported via the portal vein to the liver. A portion of
glucose is initially taken up by the liver, and the remainder is released into the circulation. Insulin
secretion is increased, leading to inhibition of glucose production and enhancement of glucose
disposal. Additionally, gut incretin GLP-1 and GIP hormones are stimulated to facilitate glucose-
dependent insulin secretion. Solid arrows represent enhanced effect, and dashed arrows represent
diminished effect (Percentage values adapted from Gerich 2000)

2.2.4 Abnormal Glucose Homeostasis in Type 2 Diabetes
Mellitus

Glucose homeostasis is impaired in T2DM, which manifests in fasting and post-
prandial hyperglycemia. Multiple factors contribute to the development of abnormal
glucose homeostasis in T2DM, with the central defects being defective insulin
secretion (insulin deficiency) and diminished tissue insulin sensitivity (insulin
resistance) (WHO 1999; ADA 2010).
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2.2.4.1 Pathogenesis

Insulin Deficiency Defective insulin secretion is a characteristic feature in T2DM
individuals. Early in the course of T2DM, insulin resistance is manifested, but
glucose tolerance remains normal due to compensatory increase in insulin secretion.
Elevated insulin release is marked by increased basal C-peptide level in T2DM,
while fasting plasma insulin level is normal or increased. The relationship between
fasting plasma glucose and insulin concentrations represents an inverted U-shape
curve. When fasting plasma glucose levels increase to 7.8 mmol=L (140 mg=dL),
fasting plasma insulin levels rise substantially above the normal values. This can
be viewed as an adaptive response of pancreas to maintain glucose homeostasis.
With time, the high insulin secretion cannot be maintained, ˇ-cell starts to fail. A
further overshoot in fasting glucose levels will cause deterioration in ˇ-cell function,
resulting in diminished fasting insulin concentrations. At this stage of established
impaired insulin secretion, hyperglycemia occurs; basal hepatic glucose production
begins to rise (DeFronzo 2004).

Also, there exists an inverted U-shaped relationship between insulin response
after a post-glucose challenge and fasting glucose level in T2DM. Postprandial
plasma insulin response begins to decline as fasting plasma glucose level increases
to �6.7 mmol=L (120 mg=dL). Typically, a T2DM individual with a fasting glucose
level of 8.3–8.9 mmol=L (150–160 mg=dL) secretes as much insulin as that in
healthy subjects. However, in the presence of hyperglycemia and insulin resistance,
this response is markedly reduced. As a result, T2DM exhibits elevated fasting but
decreased postprandial insulin and C-peptide secretion (DeFronzo 2004).

Early in the development of diabetes, individuals with IGT have already lost 60–
70 % of their ˇ-cell function. A defect in the first-phase insulin release is observed
in T2DM subjects after an IVGTT or an OGTT. Loss of the early insulin secretion
during the IVGTT (0–10 min) and OGTT (0–30 min) becomes particularly evident
as fasting glucose levels exceeding 6.1–6.7 mmol=L (110–120 mg=dL). The defect
is most obvious during the OGTT if the incremental plasma insulin level at 30 min is
expressed relative to the incremental plasma glucose level at 30 min (�I30=�G30).
This disorder has important pathogenic consequences, because early insulin release
primes insulin target tissues to maintain normal glucose homeostasis (DeFronzo
2004).

Insulin Resistance Insulin resistance contributes substantially to the development
of T2DM. Several studies have consistently demonstrated a diminished insulin
action in T2DM individuals using multiple techniques, such as combined oral
glucose and intravenous insulin tolerance test, insulin suppression test, arterial
insulin infusion into forearm and leg muscles in combination with (radio)isotope
tracers, frequently sampled IVGTT, and minimal model technique (DeFronzo
2004). This impairment is characterized by insulin’s inability to reduce plasma
glucose level through suppression of glucose production and enhancement of tissue
glucose uptake. By means of euglycemic hyperinsulinemic clamp technique, whole-
body glucose disposal in lean and overweight diabetic subjects is reduced �30–50 %
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Fig. 2.3 EGP and glucose Rd in response to changes in insulin in 14 T2DM patients and 14 normal
healthy volunteers. Data are mean ˙ SEM. Start point represents baseline levels. The other 3 points
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compared to that of healthy volunteers. This defect is observed at all plasma insulin
concentrations (physiologic and pharmacologic ranges) (Campbell et al. 1988;
DeFronzo 2004). EGP is less suppressed at physiological insulin concentrations
(�40–100�U=mL) in these subjects compared to normal healthy probands, but
can be completely inhibited by a level of �2000 �U=mL (Fig. 2.3) (Campbell et al.
1988). In diabetic subjects with severe fasting hyperglycemia, even maximal plasma
insulin concentrations fail to restore normal glucose tolerance (DeFronzo 2004).

The relative contribution of insulin deficiency and insulin resistance to the
manifestation of hyperglycemia may differ in T2DM because of the heterogeneity
of the disease. However, in most cases, insulin resistance precedes the development
from normal glucose tolerance to IGT and overt diabetes in all ethnic populations.
Numerous studies have consistently shown that progression from normal glucose
tolerance to IGT starts with severe insulin resistance, which is then largely
counterbalanced by increased insulin secretion. In the following sequence, insulin
secretion becomes gradually or markedly reduced, whereas insulin resistance is
slightly diminished or remain undeteriorated. During the transition from normal
glucose tolerance to diabetes, insulin sensitivity deteriorates �40 %, whereas insulin
secretion decreases by 3- to 5-fold. Consequently, glucose homeostasis is impaired,
resulting in fasting and postprandial hyperglycemia. Chronic hyperglycemia in
T2DM may in turn exacerbate both insulin deficiency and insulin resistance, which
are further aggravated by chronic elevation in plasma FFA levels (DeFronzo 2004;
Triplitt 2012a).

2.2.4.2 Metabolic Alterations

Postabsorptive State The majority of tissue glucose disposal occurs independent
of insulin in the postabsorptive state. Approximately 25 % of glucose taken up
by peripheral muscle and adipose tissues is mediated by insulin, consequently
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only a relatively small proportion of overall postabsorptive glucose disposal is
affected by the conditions of insulin resistance and insulin deficiency in T2DM.
Because rates of glucose production are increased and most of glucose released in
the fasting condition is produced by the liver, increased hepatic glucose output is
considered to contribute substantially to postabsorptive hyperglycemia in T2DM.
A direct relationship between basal hepatic glucose production and fasting glucose
concentrations has been observed (r D 0:83–0:85, P < 0:001). Hepatic glucose
production is sensitive to insulin action. Since fasting insulin levels are elevated
in T2DM and hyperinsulinemia is a potent inhibitor of hepatic glucose release,
the presence of hepatic insulin resistance can explain the excessive basal glucose
output. In addition, the liver is resistant to the mass action of hyperglycemia because
hyperglycemia per se exerts a powerful inhibitory action on glucose release (Consoli
1992; DeFronzo 2004; Wahren and Ekberg 2007).

The augmented basal hepatic glucose flux in T2DM can be derived from
enhanced glycogenolysis, gluconeogenesis, or both. Studies using nuclear magnetic
resonance spectroscopy indicate that both hepatic glycogen storage and glycogenol-
ysis rate are reduced in T2DM patients with poor metabolic control but remain
normal in those with good metabolic control. On the contrary, hepatic gluconeogen-
esis is reported to be elevated in these patients, and increasing evidence suggests that
increased gluconeogenesis rather than glycogenolysis is the predominant process
responsible for the excessive hepatic glucose release in the postabsorptive state
in T2DM. Several factors contribute to accelerate the process, including increased
circulating gluconeogenic substrates (lactate, pyruvate, glycerol, alanine, and other
amino acids), enhanced hepatic substrate extraction, and elevated intrahepatic
substrate conversion into glucose. Besides insulin resistance and insulin deficiency,
other mechanisms have been shown to also cause the increased efficiency of hepatic
gluconeogenesis, such as hyperglucagonemia and excessive hepatic FFA oxidation
consequence to the increased lipolysis (Consoli 1992; Gerich 1993; DeFronzo 2004;
Wahren and Ekberg 2007).

Figure 2.4 depicts the pathophysiological mechanisms of fasting hyperglycemia
in T2DM. The combination of hepatic insulin resistance, impaired insulin secretion,
hyperglucagonemia, and increased FFA oxidation act together to promote hepatic
gluconeogenesis, causing a rise in hepatic glucose release. As a result, plasma
glucose levels increase to a point where there is a compensatory increase in insulin
secretion. Hyperinsulinemia and the mass action of hyperglycemia compensate
for insulin resistance in the peripheral tissues, and glucose disposal increases to
balance the elevated circulating glucose release. Consequently, glucose homeostasis
reaches a new steady state at a greater fasting plasma glucose level. The increased
glucose uptake by peripheral tissues in turn provokes glycolysis, which elevates
gluconeogenic substrate supply for hepatic gluconeogenesis and causes an increased
rate of hepatic glucose production to be maintained (Consoli 1992).

The elevated systemic postabsorptive rates of glucose disappearance have been
consistently shown in T2DM (Campbell et al. 1988; Consoli 1992; Gerich 1993;
DeFronzo 2004). Although glucose uptake by peripheral insulin-sensitive tissues
contributes only to a small proportion of the overall glucose disappearance in the
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Fig. 2.4 Mechanisms of
postabsorptive hyperglycemia
in T2DM (Schema adapted
from Consoli 1992)
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fasting state, reduced efficiency of glucose removal due to both insulin deficiency
and insulin resistance may at least participate in determining the magnitude of
the achieved steady-state hyperglycemia. Approximately 80 % of insulin-stimulated
glucose disposal takes place in muscle cells, and postabsorptive muscle glucose
uptake has been reported to be increased in absolute terms. However, glucose
clearance rate, i.e., the efficiency rate of glucose uptake by muscle cells, is
diminished (Gerich 1993; DeFronzo 2004).

Postprandial State Plasma glucose levels increase excessively in T2DM subjects
following an oral glucose load or a meal ingestion. Mechanistically, elevated
postprandial hyperglycemia occurs because rates of glucose appearance into the
circulation markedly exceed rates of glucose disappearance. Since absolute rates
of glucose removal and muscle glucose uptake are normal or increased in T2DM,
enhanced glucose appearance in plasma contributes substantially to the abnormality
in postprandial hyperglycemia in these subjects. This could result from failure to
adequately suppress endogenous glucose output, diminished splanchnic glucose
sequestration, or combination of both, because appearance of ingested glucose in
the circulation is generally normal (Consoli 1992; Gerich 1993; Wahren and Ekberg
2007).

Several mechanisms may explain the impaired suppression of endogenous
glucose release in T2DM. These include delayed and decreased insulin secretion
relative to prevailing plasma glucose level, impaired suppression of glucagon
secretion, and presence of hepatic insulin resistance. Similar to postabsorptive state,
accelerated hepatic gluconeogenesis may represent an important mechanism for the
increased glucose production following carbohydrate or meal ingestion. Increased
availability of gluconeogenic substrates lactate and alanine secondary to defects in
muscle glycogen storage may fuel increased postprandial gluconeogenesis (Consoli
1992; Gerich 1993). Incretin deficiency or resistance to incretins may also play
a role. In T2DM subjects, GIP response to glucose ingestion is normal whereas
GLP-1 response is reduced. In these subjects, however, insulinotropic effect of
GIP is blunted while the effect of GLP-1 is preserved (DeFronzo 2004; Holst and
Gromada 2004; Kim and Egan 2008). In addition to increased glucose release, there
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is evidence suggesting that a decrease in SGU following an oral glucose load may
explain the elevated postprandial hyperglycemia in these subjects (Ludvik et al.
1997; Basu et al. 2001).

Peripheral glucose uptake and muscle glucose disposal of T2DM are apparently
normal in postprandial state in absolute terms. This absolute value is however
inappropriately low when considering the prevailing plasma glucose concentrations
in T2DM. Studies in T2DM subjects have shown reduced overall peripheral
glucose clearance as well as muscle glucose clearance after glucose ingestion.
Although muscle glucose uptake in T2DM subjects is comparable to that of normal
individuals following glucose ingestion, the metabolic fate of glucose in muscle
cells is nevertheless abnormal. Glucose oxidation is low or inappropriately normal.
Muscle glucose storage is reduced, causing an increase in muscle net release of
lactate, pyruvate, and alanine. Thus, the abnormalities in glucose disposal can also
contribute to excessive postprandial hyperglycemia in T2DM (Consoli 1992; Gerich
1993).

2.3 Glycemic Control

Increasing evidence suggests that diabetic individuals with larger blood glucose
fluctuation within the day and from day-to-day basis may have a greater risk
to develop long-term cardiovascular complications. To reduce the progression of
T2DM, an optimal glycemic control strategy should therefore be considered in the
treatment. This includes controlling fasting and postprandial hyperglycemia and
reducing HbA1c level as an index of chronic glycemia (Del Prato 2002). Maintaining
glucose levels closely to normal range has been shown to reduce diabetes-related
microvascular complications, including retinopathy, nephropathy, and neuropathy
(Nathan et al. 2009).

2.3.1 Glycemic Goals of Therapy

The glycemic goal recommended by ADA and EASD is to achieve and maintain
HbA1c level of <7 %, with an emphasis on fasting glucose. Target fasting and
preprandial levels of plasma and capillary glucose should be in the range of
3.9–7.2 mmol=L (70–130 mg=dL) (Nathan et al. 2009). Controlling fasting hyper-
glycemia is necessary; however, it is usually insufficient to obtain optimal glycemic
control. Epidemiological reports suggest that reducing postprandial plasma glucose
excursions is as important, or perhaps more important for achieving HbA1c goal
(DECODE Study Group 2001; Milicevic et al. 2008). Recently, the IDF recom-
mends a target postprandial glucose level of 9 mmol=L (160 mg=dL) that should be
measured 1–2 h after a meal (IDF 2014).
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2.3.2 Low Glycemic Index Diet for Glycemic Control

Several reviews reported that nutrition and lifestyle interventions can be effective
in delaying the onset of diabetes (Psaltopoulou et al. 2010; Thomas et al. 2010;
Walker et al. 2010). Meta-analyses of randomized controlled trials reported that
a low GI diet has a clinically relevant effect on glycemic control (Brand-Miller
et al. 2003; Thomas and Elliott 2010). The GI, originally described by Jenkins et al.
(1981), measures the extent to which carbohydrates affect blood glucose. Following
consumption of a 50 g carbohydrate from a test food, the area under postprandial
plasma glucose curve is calculated and compared to that following of the same
amount of carbohydrate from a standard food (glucose or white bread). The GI of
the test food is expressed as percentage of the standard food. Starchy staples foods of
traditional cultures have often lower GIs, such as pasta, whole-grain pumper-nickel
breads, cracked wheat or barley, rice, dried peas, beans, and lentils (Jenkins et al.
2002).

The GI concept is an extension of the dietary fiber hypothesis, which suggests
that fiber may delay absorption of nutrients within the small intestine. It is
hypothesized that the metabolic effect of low GI foods relates to the rates at which
glucose is absorbed from the small bowel. Low GI foods would leave the stomach
and travel along the small intestine where they are digested and absorbed more
slowly. On the other hand, high GI foods would be released from the stomach and
be rapidly absorbed high up in the gut. A reduction in the rate of glucose absorption
will cause gradual rise in blood glucose levels, whereas more rapidly absorbed
glucose will result in an undershoot of blood glucose (Fig. 2.5). Slowly absorbed
carbohydrates would have beneficial effect in the treatment of metabolic disease
such as diabetes where gradual blood glucose rises are essential (Jenkins et al. 1987,
2002).

Fig. 2.5 Hypothetical effects
of consumption of
carbohydrates with a low or a
high GI on gastrointestinal
glucose absorption and
postprandial blood glucose
concentration (Figure adapted
from Jenkins et al. 1987)

Time

G
lu

co
se

Time

G
lu

co
se

Low GI carbohydrate High GI carbohydrate



2.3 Glycemic Control 21

2.3.3 Isomaltulose

ISO is an example of carbohydrate with a low GI (GI D 32) (Atkinson et al. 2008).
ISO is a disaccharide occurring naturally as a minor component in honey and sugar
cane extract (Siddiqui and Furgala 1967; Takazoe 1985). It is present in honey in a
quantity of about 0.35 % (Low and Sporns 1988). ISO, also called palatinose, has the
chemical name 6-O-˛-D-glucopyranosyl-D-fructofuranose. ISO possesses the same
chemical formula as SUC, i.e., C12H22O11 but different structures, and therefore is
a SUC isomer. As shown in Fig. 2.6, both disaccharides are formed by linkage of 2
monosaccharides (glucose and fructose). Both glucose and fructose molecules are
connected by ˛-1,6 glycosidic bond in ISO, instead of ˛-1,2 in SUC. Commercially,
ISO is produced from SUC by enzymatic rearrangement of the glycosidic linkage
from ˛-1,2 to ˛-1,6 and followed by crystallization (Lina et al. 2002). The enzyme
used in the conversion is usually obtained from a nonpathogenic microorganism
Protaminobacter rubrum (Porter et al. 1991).

Fig. 2.6 Chemical structure
of ISO and SUC. ISO and
SUC are disaccharides
composed of glucose and
fructose. ISO can be
produced from SUC by
enzymatic conversion of 1,2
to 1,6 glycosidic bond
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ISO appears as a white, crystalline powder similar to SUC. It has a sweetening
power about half of that of SUC. Unlike SUC, ISO melts at a lower temperature
(123–124 vs. 160–185 ıC). ISO has been used as sweetener in Japan since 1985
(Lina et al. 2002). It has been accepted as a novel food in the European Union
(EU Commision 2005) and is generally recognized as safe by the Food and Drug
Administration (FDA) in the United States (FDA 2006).

2.3.3.1 Digestion

As with other disaccharides, ISO is hydrolyzed to its monosaccharide compounds
in the small intestine. The membranes of intestinal epithelial cells contain brush-
border enzymes, which degrade ISO by cleaving the ˛-1,6 glycosidic bonds between
glucose and fructose molecules. One of the brush-border enzymes that catalyzes
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the hydrolysis of ISO is the sucrase-isomaltase complex. This enzyme consists of
two polypeptide chains (sucrase and isomaltase), which are highly distributed in
the proximal jejunum (Goodman 2010). Results of studies using human and rat
intestinal homogenates as well as purified rat intestinal sucrase-isomaltase complex
indicate that ISO is mainly hydrolyzed by the active site of isomaltase subunit
(Dahlqvist et al. 1963; Goda and Hosoya 1983; Goda et al. 1988). In addition,
ISO is hydrolyzed by another brush-border enzyme, i.e., glucoamylase (Dahlqvist
et al. 1961), however only a small amount (Goda et al. 1988; Günther and Heymann
1998). This enzyme has its highest activity in the proximal ileum (Goodman 2010).

The hydrolysis rate of ISO is slower compared with other sugars such as SUC,
maltose, or isomaltose. Studies using homogenate and brush-border membrane
of rat jejunum have demonstrated that ISO is degraded at a rate approximately
20–25 % of that of SUC, 2–5 % of that of maltose (Tsuji et al. 1986; Goda et al.
1988), and approximately 10 % of that of isomaltose (Tsuji et al. 1986). This is
also consistent with the finding of a study using pig intestinal mucosa homogenate
(Dahlqvist et al. 1961). The maximal velocity value for the hydrolysis of ISO by
brush-border membrane and purified enzyme sucrase-isomaltase complex averages
10–17 % of SUC, 13–16 % of isomaltose, and 2–7 % of maltose (Goda and Hosoya
1983; Tsuji et al. 1986; Goda et al. 1988).

Studies in healthy humans indicate that ISO is completely digested in the small
intestine. Dietary carbohydrates that are nondigestible pass into the large intestine,
where they are fermented by the colonic microflora with subsequent formation of
short chain fatty acids (e.g., acetate, propionate, and butyrate), hydrogen, and carbon
dioxide. However, no changes in the fecal microflora, fecal pH, and water contents
were observed following daily administration of 24 g ISO tablet for 10 days in
healthy volunteers (Kashimura et al. 1990). Further, no significant increase in breath
hydrogen levels was seen within 9 h following a bolus ingestion of 10 g ISO which
was administered after daily ingestion of 5 g ISO for 12 days in healthy subjects.
Also, no significant differences were apparent in the serum concentrations of acetate
and propionate as well as gastrointestinal symptoms such as diarrhea, flatulence, or
abdominal pain (Tamura et al. 2004). Consistently, a more recent study in rats also
demonstrated no significant increase in the breath hydrogen excretion over a 7-h
period following oral administration of ISO at a dose of 2 g=kg (Tonouchi et al.
2011). Altogether, those findings suggest that ISO is not fermented in the colon.
A study in healthy ileostomy subjects who had undergone colectomy found that
approximately 95.5 % and 98.8 % of ingested ISO was digested within a 8-h period,
respectively in the form of beverage and solid-liquid meal (Holub et al. 2010).
Thus, irrespective of food matrix and food consistency, ISO is virtually completely
hydrolyzed.

2.3.3.2 Absorption

After digestion, both monosaccharides glucose and fructose are taken up by the
intestinal absorptive cells (enterocytes) via specific transport proteins. Glucose is
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absorbed by Na+-dependent active transport through the sodium-dependent glucose
transporter 1 (SGLT1). In the presence of Na+, glucose molecule binds to SGLT1
with high affinity. If the intracellular Na+ concentration is low (�10 mM), Na+

dissociates from its binding site in SGLT1, causing a decrease in SGLT1 affinity
for glucose, and glucose is then released into the cellular cytoplasm. Fructose, on
the other hand, is absorbed by a diffusion mechanism using facilitative-diffusion
GLUT. Among the 5 types of GLUTs, GLUT5 is able to transport fructose into the
enterocytes. Subsequently, glucose and fructose move through the cytosol, exit the
enterocytes via the basolateral membrane, and cross into the blood capillary using
the facilitated diffusion transporter GLUT2 (Goodman 2010).

The absorption of ISO is delayed as a result of its slower hydrolyzing rate. This
is confirmed in rat studies through measurement of transmural potential difference
evoked by Na+-dependent active transport of glucose (Tsuji et al. 1986; Goda
et al. 1988). The potential differences evoked by ISO as well as other sugars
were found to be well correlated with their hydrolyzing activities (Tsuji et al.
1986), suggesting that digestion and absorption of sugars are dependent on their
digestibility by the intestinal membrane enzymes. Further, the results in human
subjects with ileostomies indicate that ISO is completely absorbed; the amounts of
the absorbed ISO over a period of 8 h averaged approximately 93.6–96.1 % (Holub
et al. 2010). Thus, ISO is slowly but completely absorbed.

2.3.3.3 Metabolism and Excretion

Upon absorption, glucose and fructose molecules are transported via the portal vein
to the liver, where they are metabolized by the well-characterized carbohydrate
metabolic pathways and subsequently distributed to all the tissues. As expected,
increases in plasma glucose and insulin levels were observed following oral
administration of ISO in dogs and rats (Kawai et al. 1986; Tonouchi et al. 2011).
The delayed absorption of ISO results in attenuated increases in glucose and insulin
levels compared with SUC. As demonstrated in rats, postprandial blood glucose
and plasma insulin levels were lower during the first hour following an oral ISO
load at a dose of 2 g=kg body weight compared with those following a SUC load,
and remained elevated 2 h thereafter (Tonouchi et al. 2011). Further, a study in rats
that were adapted to high ISO or high SUC diets for 2–3 weeks demonstrated that
plasma concentrations of glucose, fructose, and insulin were lower following a 3 g
bolus of ISO compared with those observed after SUC bolus within a 3-h period
(Häberer et al. 2009).

Results in animal and human studies indicate that only a small portion of
ISO is metabolized when administered through parenteral route. After intravenous
administration of ISO to dogs at a dose of 2 g, approximately 83 % of the dose
was excreted in the urine during 24 h (Hall and Batt 1996). Similarly, more than
88 % of ISO was detected intact in the urine following intravenous administration
of 0.5 g in healthy adults (Menzies 1974). These findings highlight the importance
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of digestion of ISO by the gastrointestinal tract. Thus, through the alimentary tract
both monosaccharides are made available for metabolism.

ISO has been reported to be excreted only in small amounts in human and
animal studies. Up to 4.5 % of ISO was detected in the fluid homogenate samples
of healthy ileostomy subjects within 8 h following a 50 g load, indicating a low
excretion (Holub et al. 2010). In rats administered with [14C]ISO via oral gavage,
approximately 2.5 % and 3.6 % of the total amounts of radioactivity were found
respectively in the faeces and urine, whereas over 50 % of the radioactivity was
identified in the expired air within 72 h following administration of single doses
up to 0.5 g=kg body weight (Macdonald and Daniel 1983). The urinary and fecal
excretion of radioactivity after ISO load was comparable to that observed after SUC
load, indicating that a large amount of administered ISO undergoes metabolism as
that applied for SUC. Further, the tracer findings may suggest that the majority of
ISO disposal could be via the oxidative glycolytic pathway because more than half
of the administered radioactivity was eliminated through the respiratory tract as
carbon dioxide.

2.3.3.4 Human Studies on Glucose Metabolism

To provide an overview of ISO studies in human subjects, a database search in
PubMed, Cochrane Library, and Web of Science was conducted in March 2014.
The keyword “isomaltulose or palatinose” was used. No language specification or
years of publication was chosen. The results of the database search are summarized
in Fig. 2.7. A total of 435 abstracts was found. By using the filter search for

Abstracts found in the electronic database
    Search word/keyword  =  isomaltulose or palatinose 
    PubMed =                                                216
    Web of Sciences =                                   193
    Cochrane =                                                26
    TOTAL                                                      435

Filter
PubMed (abstract available, human)   n =   48
Cochrane                                             n =   26
Web of Sciences (exclude document
types: editorial, news, letter, meeting) n = 179
                                                   TOTAL    253

Abstracts excluded
n = 182

Studies on glucose metabolism, only those 
under resting conditions, n = 22

Studies 
excluded because 
combination with 

other macronutrient, 
n = 10

1 review excluded

1 study 
excluded because no 

comparison with 
other CHO

Studies with bolus administration of ISO vs. 
other carbohydrate, n = 10

Fig. 2.7 Flow diagram of systematic review of ISO studies. CHO carbohydrate, n number
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“abstract and humans” in PubMed and excluding the document types “editorial,
news, letter or meeting” in Web of Science, the search was limited to 253
abstracts. After focusing on the topic of glucose metabolism and considering for
overlapping publications, 22 abstracts were identified to be potentially interesting
and were reviewed. Studies with bolus administration of ISO compared with other
carbohydrates were included. Studies with ISO consumption combined with meal
ingestion or other macronutrients were excluded in order to eliminate other potential
nutrient interactions that may influence glucose metabolism. Ten published studies
fulfilled the inclusion criteria. A summary description of these studies is presented
in Tables 2.2, 2.3, and 2.4 respectively in healthy, impaired glucose-tolerant, and
diabetic subjects.

Seven of 10 studies evaluated postprandial plasma glucose and insulin concen-
trations in healthy subjects over a period of 1.5–3 h (Table 2.2). The ingested dose
ranged mostly between 50 and 75 g. Overall, postprandial glucose levels were lower
after ingestion of ISO compared with administration of SUC, noticeably during the
first hour following consumption. Peak glucose levels were approximately 20–35 %
lower after 50 or 75 g load of ISO versus SUC (Kawai et al. 1985, 1989; Liao
et al. 2001; van Can et al. 2009; Holub et al. 2010; Maeda et al. 2013). In contrast,
incremental area under the curve (iAUC) of plasma glucose did not differ between
ISO and SUC as reported in two studies (Macdonald and Daniel 1983; van Can et al.
2009). In all studies, plasma insulin levels and iAUCs or AUCs were significantly
lower after ISO versus SUC bolus, approximately 50 % and 30 % lower for peak
insulin level and iAUC of ISO, respectively. One study found significant higher
GLP-1 levels after ISO ingestion compared with SUC (Maeda et al. 2013).

Among the 10 studies, only one study assessed the effects of ISO post-ingestion
on glucose metabolism compared with SUC in impaired glucose-tolerant subjects
(Table 2.3). In this study, postprandial glucose and insulin levels were lower during
the first hour of a 75 g ISO load (van Can et al. 2012). When iAUCs of glucose and
insulin were compared during the 3-h period, a significant difference was found for
insulin but not for glucose.

Two studies examining postprandial glucose and insulin levels in healthy subjects
also included measurement in T2DM patients (Kawai et al. 1989; Liao et al. 2001)
(Table 2.4). In both studies, postprandial glucose and insulin levels were lower
following administration of 50 and 75 g of ISO versus SUC. The cumulative increase
of glucose and insulin levels as well as the AUCs of glucose and insulin were overall
lower during a 3-h period after the ISO load. In addition, two other studies from
the same workgroup found an attenuated postprandial increase of glucose levels
following ISO bolus compared with dextrose in T1DM subjects prior to exercise
(West et al. 2011; Bracken et al. 2012). In both studies, the T1DM subjects reduced
their normal rapid-acting insulin dose by 50–75 % before administration of the
carbohydrates. Blood lactate levels increased greater with ingestion of ISO than
with dextrose.



26 2 Background and Objectives

Table 2.2 Studies with bolus ingestion of ISO in healthy subjects

Reference n Intervention Design t Parameter Results

Studies in healthy subjects

Macdonald
and Daniel
(1983)

10 0.25, 0.5, 0.75,
and 1 g=kg BW
of ISO or SUC

Randomized, 1.5 h • Glucose, fructose,
and insulin levels

ISO<SUC (0.5 h)

crossover

• Glucose iAUC ns

• Fructose and insulin
iAUCs

ISO<SUC

Kawai et al.
(1985)

8 50 g ISO or
SUC

Randomized, 2 h • Glucose and insulin
levels

ISO<SUC (0.25–1 h)
crossover

• Peak glucose level ISO<SUC (�23 %)

• Peak insulin level ISO<SUC (�54 %)

• Total � glucose and
insulin levels

ISO<SUC (�50 %)

Kawai et al.
(1989)

10 50 g ISO or
SUC

Randomized, 2 h • Glucose and insulin
levels

ISO<SUC (0.5–1 h)
crossover

• Peak glucose level ISO<SUC (�20 %)

• Peak insulin level ISO<SUC (�44 %)

• Total � glucose levels ISO<SUC (�35 %)

• Total � insulin levels ISO<SUC (�52 %)

Liao et al.
(2001)

10 75 g ISO or
SUC

Crossover 3 h • Peak glucose level ISO<SUC (�35 %)

• Peak insulin and
C-peptide levels

ISO<SUC

• Glucose, insulin, and
C-peptide AUCs

ISO<SUC

Holub et al.
(2010)

10 50 g ISO or
SUC

Randomized,
crossover,
double-blind

3 h • Glucose and insulin
levels

ISO<SUC (0.25–1 h)

• Peak glucose level ISO<SUC (�20 %)

• Peak insulin level ISO<SUC (�50 %)

• Glucose and insulin
iAUCs

ISO<SUC (�35 %)

Maeda et al.
(2013)

10 50 g ISO or
SUC

Crossover, 3 h • Glucose levels ISO<SUC (0.25–1 h)

double-blind • Insulin levels ISO<SUC (0.25–0.5 h)

• Peak glucose level ISO<SUC (�25 %)

• Total GIP levels ISO<SUC (0.25–1 h)

• Total and active
GLP-1 levels

ISO>SUC (1.5 h)

Studies in healthy overweight subjects
van Can
et al.
(2009)a

10 Breakfast with
75 g ISO or
SUC

Randomized, 3 h • Peak glucose level ISO<SUC (�20 %)

crossover, • Peak insulin level ISO<SUC (�50 %)

single-blind • Glucose iAUC ns

• Insulin iAUC ISO<SUC (�30 %)

• Ghrelin level ISO<SUC (3 h)

Values in parenthesis are the time periods in which significant differences were found or the percentage
differences between ISO and SUC. BW body weight, n number of subjects, ns non-significant, t duration,
� increase over baseline
aThis study consisted of a breakfast and a lunch meal. Because the lunch meal contained other macronutrients,
only data at breakfast were considered here
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Table 2.3 Studies with bolus ingestion of ISO in impaired glucose-tolerant subjects

Reference n Intervention Design t Parameter Results
van Can
et al.
(2012)a

10 Breakfast
with 75 g
ISO or SUC

Randomized,
crossover,
single-blind

3 h • Glucose and insulin
levels

ISO<SUC (0.5–1 h)

• Peak glucose level ISO<SUC (�17 %)

• Peak insulin level ISO<SUC (�40 %)

• Total glucose iAUC ns

• Total insulin iAUC ISO<SUC (�21 %)

Values in parenthesis are the time periods in which significant differences were found or the
percentage differences between ISO and SUC. n number of subjects, ns non-significant, t
duration
aThis study consisted of a breakfast and a lunch meal. Because the lunch meal contained other
macronutrients, only data at breakfast were considered here

Table 2.4 Studies with bolus ingestion of ISO in diabetic subjects

Reference n Intervention Design t Parameter Results

Studies in T1DM subjects

West et al.
(2011)a

8 75 g ISO or
DEXb

Randomized,
crossover

2 h • � Glucose levels ISO<DEX (0.5–2 h)

• Peak � glucose level ISO<DEX (�50 %)

• Lactate levels ISO>DEX (0.5–2 h)
Bracken
et al.
(2012)a

7 0.6 g=kg BM
(�40 g) ISO
or DEXc

Randomized,
crossover

2 h • � Glucose levels ISO<DEX (0.5–1.5 h)

• Peak � glucose level ISO<DEX (�45 %)

• Lactate levels ISO>DEX (0.5–2 h)

Studies in T2DM subjects
Kawai
et al.
(1989)

10 50 g ISO or
SUC

Randomized,
crossover

3 h • Glucose and insulin
levels

ISO<SUC (0.5–1.5 h)

• Peak glucose level ISO<SUC (�18 %)

• Peak insulin level ISO<SUC (�26 %)

• Total � glucose and
insulin levels

ISO<SUC (�30 %)

Liao et al.
(2001)

10 75 g ISO or
SUC

Crossover 3 h • Peak glucose level ISO<SUC (�30 %)

• Peak insulin and
C-peptide levels

ISO<SUC

• Glucose, insulin,
and C-peptide AUCs

ISO<SUC

Values in parenthesis are the time periods in which significant differences were found or the
percentage differences between ISO and SUC. BM body mass, DEX dextrose, n number of subjects,
t duration, � increase over baseline
aThis study was performed under resting and subsequently under exercise conditions. Only data at
resting were considered here
bPrior to ingestion, subjects reduced their normal rapid-acting insulin dose by 75 %
cPrior to ingestion, subjects reduced their normal rapid-acting insulin dose by 50 %
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2.3.4 Co-administration of Carbohydrate and Protein

Dietary macronutrients carbohydrates, proteins, and fats are usually ingested in a
complex food matrix rather than in their pure form. As a consequence, interac-
tions between the macronutrients may influence glycemic response. Understanding
nutrient interdependencies is therefore important. For instance, food proteins alone
already stimulate insulin release, whereas a notably additive effect on insulin
release is triggered by the combined uptake of proteins with carbohydrates (Gannon
et al. 1988, 1992; van Loon et al. 2003; Manders et al. 2005, 2006). However,
controversial results have been reported in regard to the effects of insulin stimulation
on glucose homeostasis in T2DM subjects. Some studies have shown a reduction of
postprandial glucose response when proteins and carbohydrates were taken up in
combination compared to the uptake of carbohydrates alone (Gannon et al. 1988;
Manders et al. 2005, 2006). Other studies did not confirm this effect (Gannon et al.
1992; van Loon et al. 2003). In this context, various proteins were studied and
it remains to be clarified whether they have comparable and consistent effects on
postprandial glucose. Interestingly, animal studies indicate that a protein mixture of
whey and soy has potent postprandial glucose-attenuating and insulin-stimulating
effects. These were also observed when the proteins were simultaneously ingested
with a slow release carbohydrate (Hageman et al. 2008).

2.4 Objectives

The objective of the work was to assess the effects of ISO consumption on post-
prandial glucose metabolism compared with SUC in T2DM subjects, particularly to
determine the magnitude and the underlying mechanisms involved in the regulation
of postprandial glucose flux. It sought to answer the question whether ISO could
improve the abnormality of postprandial glucose homeostasis and be effective for
glycemic control compared with SUC in T2DM.
The specific objectives were:

• to assess the kinetics of postprandial glucose absorption following a bolus
ingestion of ISO compared with SUC

• to evaluate whether the secretion of incretin hormone GLP-1 can be enhanced by
intake of ISO compared with SUC

• to determine the kinetic parameters involved in the regulation of glucose
homeostasis, including systemic glucose appearance, oral glucose appearance,
EGP, SGU, and systemic glucose disappearance

• to examine the effect of ISO consumption on insulin sensitivity compared with
SUC in T2DM

• to investigate whether the co-administration of ISO either with an isonitrogenous
mixture of whey and soy proteins, or with casein proteins, could increase insulin,
thereby reducing postprandial glucose responses compared to ingestion of ISO
alone in T2DM.
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Two studies were conducted in order to assess postprandial glucose metabolism
after administration of ISO or SUC and after a combined load of ISO with different
proteins in T2DM subjects. In the first study (ISO/SUC-Clamp Study), postprandial
glucose metabolism including mechanism and effects on glucose kinetics was
assessed using a double-tracer technique, which combines a hyperinsulinemic-
euglycemic clamp with an oral ISO or SUC load (Ang and Linn 2014). In the
second study (ISO-Protein Study), postprandial glucose and insulin responses were
investigated using oral administration of ISO alone or in combination with proteins
(Ang et al. 2012). Both studies were approved by the Ethics Committee of the
Faculty of Medicine at Justus Liebig University (Giessen, Germany) under the
registration number 99/02. The studies were registered at ClinicalTrials.gov as
NCT01070238 and conducted under the supervision of Prof. Dr. Thomas Linn. All
procedures involving human subjects were carried out according to the guidelines
set out in the Declaration of Helsinki.

3.1 Subjects

All subjects were men and women diagnosed with T2DM according to WHO or
ADA criteria. Subjects were recruited from outpatient clinics at Medical Clinic and
Policlinic 3 of Justus Liebig University (Giessen, Germany). They were included in
the studies if they fulfilled the following criteria:

• Diagnosis of T2DM for >1 year
• Adults between 18 and 75 years of age
• BMI between 18 and 40 kg=m2

• HbA1c <64 mmol=mol (8 %) with fasting blood glucose level <7.8 mmol=L
(140 mg=dL)

• On stable antidiabetic treatment for �2 months prior to studies

© The Author 2016
M. Ang, Metabolic Response of Slowly Absorbed Carbohydrates in Type 2 Diabetes
Mellitus, SpringerBriefs in Systems Biology, DOI 10.1007/978-3-319-27898-8_3
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Before the studies began, all subjects underwent a detailed medical history,
a physical examination, and clinical laboratory tests, which included a complete
blood count, blood chemistry analysis, urinalysis, pregnancy test in premenopausal
women, and electrocardiography. Subjects with the following characteristics were
excluded from the studies:

• T1DM
• Unstable or untreated proliferative retinopathy
• Clinically significant nephropathy, neuropathy, hepatic diseases, and heart failure
• Uncontrolled hypertension
• Systemic treatment with corticosteroids
• Pregnancy
• Insulin treatment

Subjects were informed about the studies and the potential risks. They were
requested to withdraw from any medication 3 days prior to the start of the studies.
Written informed consent was obtained from all subjects.

3.2 Study Design

3.2.1 Isomaltulose/Sucrose-Clamp Study

This study had a randomized, double-blind, crossover design with an interval of
at least one week between two experiments. Subjects were randomly assigned to
either receive ISO or SUC using computer-generated random numbers by GraphPad
QuickCalcs (GraphPad Software, La Jolla, CA, USA). Coded and numbered con-
tainers with ISO or SUC were used to implement random allocation and blindness.
Subjects, care providers, and outcome assessors were blinded to the interventions.

3.2.1.1 General Methodology

Each experiment consisted of a 3-h pre-ingestion phase and a 4-h postprandial
phase. The pre-ingestion phase served as a preparation period, in which a eugly-
cemic-hyperinsulinemic clamp was performed. Subsequently, it was followed by
an oral administration of labeled ISO or SUC, and the postprandial responses were
measured for 4 h.

Hyperinsulinemic-Euglycemic Clamp The glucose clamp experiment was first
introduced by Reubin Andres in 1966 and later was developed by him and his
colleagues into hyperinsulinemic-euglycemic clamp (DeFronzo et al. 1979). It has
become a widely accepted method for measuring insulin sensitivity in clinical
research (Muniyappa et al. 2008). This approach utilizes insulin that is usually
administered as a prime-constant or constant infusion for increasing plasma insulin



3.2 Study Design 31

concentration to a new level (hyperinsulinemia). This causes an increase in systemic
glucose Rd and a suppression of EGP, which result in a rapid decrease of plasma
glucose level. To prevent the subjects from developing hypoglycemia, plasma
glucose concentrations are kept in the normal range (euglycemia) by infusing
exogenous glucose at a variable rate.

After several hours of continuous insulin infusion, steady-state conditions are
achieved for plasma insulin, plasma glucose, and GINF rates. Often, it is assumed
that data obtained at the end of a 2-h hyperinsulinemic-euglycemic clamp exper-
iment represent the steady-state values. As shown in Fig. 3.1, steady-state plasma
glucose, plasma insulin, and GINF rates can be defined as the average values during
the relatively constant period, e.g., between 90 and 120 min. Under these conditions
with a concomitant complete suppression of EGP, GINF rates should equal glucose
uptake by insulin-sensitive tissues. Thus, the GINF value reflects a direct measure
of tissue insulin sensitivity. In healthy subjects, EGP can be completely suppressed
by infusing insulin at a rate less than 1 mU=kg=min for 2 h (Rizza et al. 1981; Soop
et al. 2000). However, EGP may not be totally inhibited in insulin-resistant diabetic
subjects. In such cases, systemic glucose Rd may be underestimated; it is necessary
to use labeled isotopes to assess EGP and correct it from the estimated GINF.
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Fig. 3.1 Steady-state plasma glucose and insulin concentrations as well as GINF rates during a
2-h hyperinsulinemic-euglycemic clamp in 11 healthy subjects. Data are mean ˙ SEM. A 10-min
primed insulin infusion was initiated, resulting in an overshoot in plasma insulin concentration
(black triangle), followed by a declining and subsequent constant infusion rate. Plasma glucose
concentrations (black circle) were maintained within the euglycemic range by the gradual increase
in GINF rates (white circle) (Graphs adapted from DeFronzo et al. 1979)

Double-Isotope Technique In metabolic research, isotope techniques are often
applied to determine kinetic characteristic of a substrate. Isotopes can be combined
with the hyperinsulinemic-euglycemic clamp to accurately assess the dynamic
aspect of glucose metabolism. The term “isotopes” refers to all forms of a chemical
element having an equal number of protons but different atomic mass. There
are stable and radioactive isotopes; the latter ones have unstable mass and emit
radiation. Unlike radioisotopes, stable isotopes do not produce ionizing radiation,
therefore they are safe and non-toxic for studies in children and adults (Rennie
1999). The less abundant stable isotopes, such as 2H, 13C, 15N, and 18O, are
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commonly used in the metabolic kinetic studies. Due to the different masses
between stable isotopes and their siblings, they can be easily distinguished between
each other. The abundances of these isotopes are shown in Table 3.1.

Table 3.1 Stable isotopes commonly used in metabolic studies

Element Most abundant Natural abundance (%) Less abundant Natural abundance (%)

H 1H 99.985 2H 0.015

C 12C 98.89 13C 1.11

N 14N 99.63 15N 0.37

O 16O 99.76 17O 0.037
18O 0.204

Adapted from Rennie (1999) and Sakurai et al. (2000)

The basic method of stable isotope techniques involves the dilution principle
(Rennie 1999). According to the concept of mass conservation, the atomic mass of
a stable isotope must remain constant over time, as it can neither be created nor
destroyed. From this, it follows that adding an isotope as a tracer into a biological
system will not change its total mass, including that which is metabolized, exhaled,
or excreted. Thus, when a known amount of tracer n=v is added and mixed into a
pool V , measuring its dilution in the pool will allow one to calculate the size of the
pool. The concentration of tracer c in the pool equals

c D n

V C v
(3.1)

where n is the amount of tracer (mg) in volume v (mL) and V is the volume of the
pool (mL). Solving Eq. 3.1 for pool volume V , one obtains

V D n

c
� v (3.2)

The above dilution principle applies to static pools, for example in the measurement
of body composition (Rennie 1999).

In the context of human metabolism, in which the description of substrate’s
movements in a compartment is essential, the dynamic tracer dilution is used. The
principle of a dynamic pool is illustrated in Fig. 3.2. Usually, an isotope tracer is
administered into a body as a prime-continuous or continuous infusion to follow a
substrate (tracee). The ideal tracer should be identical to the tracee but less abundant
than its most naturally occurring forms. To prevent significant alteration in the
tracee pool size, the tracer is infused in trace amounts (Vella and Rizza 2009). After
several hours of infusion (approximately 2 h for glucose), the tracer will equilibrate
throughout the body and reach the isotopic plateau value; this condition is called
steady-state stability or known as steady state. Under this condition, tracer infusion
rate F equals its disposal rate f ; hence, tracer mass q is constant (Cobelli et al. 1992).
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Fig. 3.2 Dynamic dilution principle applied in the metabolic studies. A tracer is administered at a
constant rate to follow a tracee in a body pool. Samples are taken at several time points to determine
the tracee Ra. After achieving an isotopic plateau value, which is marked by the constant value of
TTR, tracee Ra is equal to the tracer infusion rate F divided by the TTR value (Figure adapted from
Rennie 1999)

The mass balance equation for the tracer is

dq

dt
D F � f (3.3)

Because a steady-state condition is assumed, tracee Ra should equal tracee Rd.
Analog to Eq. 3.3, the mass balance equation for tracee Q is

dQ

dt
D Ra � Rd D 0 (3.4)

The tracer and tracee are assumed to be indistinguishable, which implies that the
probability that a particle leaves the system is a tracer equals the probability that a
particle in the system is a tracer. It can be written as

f

Rd C f
D q

Q C q
(3.5)

From the mass conservation concept, the tracer infusion rate should equal its
disposal rate. Thus,

F D f (3.6)

Substituting Eq. 3.6 for f with the Eq. 3.5 becomes
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F D f D Rd C f

Q C q
q (3.7)

Solving Eq. 3.7 for Rd, one obtains

Rd D F

q=Q
D Ra (3.8)

Thus, under steady-state condition, tracee Ra equals ratio of the tracer infusion rate
F and the quotient between tracer and tracee masses q=Q (Cobelli et al. 1992). In
the following, this quotient is expressed as tracer-to-tracee ratio (TTR). Equation 3.8
can then be re-written as

Ra D F

TTR
(3.9)

where Ra is the tracee rate of appearance (�mol=kg=min) and F is the tracer infusion
rate (�mol=kg=min). By frequent sampling, e.g., every 5 or 15 min, the steady-
state condition can be identified by the relatively constant TTR values. Perturbation
by food, starvation, injury or drugs can convert the steady-state condition into
non-steady state. Estimation of substrate kinetics under non-steady-state condition
usually involves determination of substrate Ra and Rd, which are calculated using
mathematical models.

The commonly used stable isotopes in glucose kinetic analysis are [2-
2H]glucose, [3-2H]glucose, [6,6-2H2]glucose, [1-13C]glucose, and [U-13C]glucose
(Sakurai et al. 2000). [6,6-2H2]glucose has been generally used as a non-recycling
tracer, since there is almost no chance that both 2H will recycle back into the
C-6 position of glucose after glycolysis and gluconeogenesis. [1-13C]glucose or
[U-13C]glucose can also be considered as non-recycling tracers, provided that
the recycling of 13C during gluconeogenesis is taken into account. This can be
accurately quantified by selectively monitoring specific ionized glucose molecules
to differentiate the tracer from labeled glucose derived from it by using gas
chromatography mass spectrometry (GCMS) (Coggan 1999).

Steele et al. (1968) introduced a double-isotope tracer technique; one tracer is
infused intravenously, and the other one is ingested. This approach enables differ-
entiation between endogenous and exogenous derived glucose. The intravenously
infused tracer measures systemic glucose Ra including EGP and oral glucose
released into the systemic circulation, whereas the ingested tracer is used to trace
oral ingested glucose Ra. EGP is calculated by subtracting systemic glucose Ra from
the ingested glucose Ra. In the ISO/SUC-Clamp Study, the dual-isotope technique
was applied in combination with the hyperinsulinemic-euglycemic clamp to assess
postprandial glucose kinetics following ISO or SUC load. [6,6-2H2]glucose was
intravenously administered for measuring systemic glucose Ra, additionally [1-
13C]ISO or [1-13C]SUC was orally ingested. ISO and SUC were labeled with 13C
at C-1 position in the glucose molecules. The chemical structure of the labeled ISO
or SUC is depicted in Fig. 3.3. [6,6-2H2]glucose is a glucose molecule labeled with
two 2H atoms at C-6 position. 2H isotope is usually called deuterium, which has an
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Fig. 3.3 Chemical structure of [1-13]SUC, [1-13]ISO, and [6,6-2H2]glucose

atomic mass of 2. By contrast, the natural most abundant isotope of this element has
a mass of 1 (1H). The position of the labeled [6,6-2H2]glucose is also illustrated in
Fig. 3.3.

3.2.1.2 Experimental Procedure

The experimental procedure is depicted in Fig. 3.4 and detailed in this section. After
an overnight fasting (�180 min), baseline blood samples were drawn from an ante-
cubital vein of each subject. The hyperinsulinemic-euglycemic clamp was initiated
with an infusion of [6,6-2H2]glucose through a cannulated vein on the opposite
arm. This infusion was prepared by dissolving 1800 mg of [6,6-2H2]glucose in
50 mL isotonic saline (0.9 % NaCl) in a perfusor syringe. A primed dose of 8 mL
(288 mg) was used to reduce the time of [6,6-2H2]glucose for reaching equilibrium
and followed by a constant infusion at a rate of 3 mg=min for determining systemic
glucose Ra.

Parallel to [6,6-2H2]glucose infusion, a continuous insulin infusion was admin-
istered. This was prepared by adding 20 units of insulin to 50 mL isotonic saline
in a perfusor syringe. Baseline plasma insulin was gradually raised to a new
steady-state level, which resulted in an increase of systemic glucose Rd and a
suppression of EGP. To allow a measurement of dynamic EGP after oral ISO or
SUC load, the insulin infusion was set at a rate of 0.8 mU=kg=min (Rizza et al.
1981; Campbell et al. 1988). Under this condition, plasma glucose was reduced to
euglycemia (5 mmol=L) and maintained at that level by monitoring blood glucose
concentrations every 5 min and adjusting infusion rate of a 20 % glucose solution.
This variable GINF was enriched with [6,6-2H2]glucose to minimize changes in
plasma TTR (Finegood et al. 1987). The amount of [6,6-2H2]glucose added to the
GINF was calculated to approximate steady-state plasma TTR. Under steady-state
condition, systemic glucose Ra equals tracer infusion rate divided by the TTR as
described in Eq. 3.9.
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Bolus [6,6-2H2]glucose

-180 210 240-10 -5-30

breath sample

blood sample

[1-13C]ISO or

[1-13C]SUC

 Load

Fig. 3.4 Design of ISO/SUC-Clamp Study. After an overnight fast, a hyperinsulinemic-
euglycemic clamp was initiated by continuous infusions of insulin and [6,6-2H2]glucose in T2DM
subjects. To maintain blood glucose at euglycemic levels during hyperinsulinemic condition, an
exogenous glucose infusate enriched with [6,6-2H2]glucose was infused. After 3-h infusions,
subjects ingested randomly a drink containing either 13C-enriched ISO or 13C-enriched SUC. All
infusions were maintained until the end of the study. Blood and breath samples were collected in
parallel prior to and following ingestion according to a time-sampling procedure

Assuming that steady-state glucose Ra is �11 �mol=kg=min in a subject with
70 kg body weight, the [6,6-2H2]glucose infusion with the rate of 3 mg=min
(0.24 �mol=kg=min) would result in a steady-state plasma TTR of approximately
2.16 %. To achieve an equivalent TTR, the amount of [6,6-2H2]glucose that needs
to be added to a 500 mL of 20 % GINF solution can be simply calculated as the ratio
of [6,6-2H2]glucose concentration to total glucose concentration.

TTR � c .Œ6; 6-2H2�glucose/

c .20 % glucose/
(3.10)

where c ([6,6-2H2]glucose) is the concentration of [6,6-2H2]glucose, which equals
n=V . n is the amount of [6,6-2H2]glucose (g) and V is the volume of GINF solution
(500 mL). The concentration of GINF solution is equal to 0.2 g=mL. Solving
Eq. 3.10 for n, one obtains

n D TTR � c .GINF/ � V (3.11)

Substituting all variables yields a n-value of 2.16 g. Thus, 2.16 g of [6,6-2H2]glucose
needs to be diluted in the GINF solution in order to obtain the approximated steady-
state plasma TTR. To extrapolate the calculated amount of [6,6-2H2]glucose for all
subjects, a mean body weight of 75 kg is used, multiplying with the required amount
of �2 g, a general formula is developed. Therefore, the amount of [6,6-2H2]glucose
added to the GINF solution equals 150 g divided by kg body weight of each subject.
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An additional 0.9 % isotonic saline was infused at a constant rate of 10 mL=h to
maintain fluid and electrolyte balance.

After isotopic and substrate equilibrium had been achieved (0 min), the subjects
received either 1 g=kg body weight of ISO or SUC in a random order. ISO
and SUC were obtained in powder form from Numico Research (Wageningen,
the Netherlands), dissolved in 200 mL water, and ingested within 5 min. They
were enriched with 10 % [1-13C]ISO and [1-13C]SUC (Campro Scientific, Berlin,
Germany). Following consumption of the disaccharides, blood glucose levels were
aimed to remain near-euglycemia by reducing the exogenous GINF to compensate
for oral glucose absorption. At the end of the experimental period (240 min), the
GINF rates returned to the preload levels, indicating complete absorption of glucose
derived from both ISO and SUC.

Blood samples were collected prior to ingestion at �180, �120, �60, �30, �10,
�5, 0 min, and after ISO or SUC ingestion at 15 to 30 min intervals. They were
placed on ice and then centrifuged at 2000 g for 10 min. Plasma aliquots were
analyzed for glucose and insulin concentrations. The remaining of the samples were
frozen and stored at �20 ıC until the analysis of plasma concentrations of C-peptide,
glucagon, GLP-1, GIP, and plasma TTRs of [6,6-2H2]glucose and [13C]glucose.
In parallel, matched breath samples were collected to measure 13CO2 isotopic
abundance. The exhaled breath 13CO2 was used as an indicator of glucose oxidation.

3.2.2 Isomaltulose-Protein Study

This study had a randomized, double-blind, crossover design. Subjects were
randomized to either ingest ISO combined with whey and soy mixture (ratio 1:1)
or ISO combined with casein by using a randomization tool from the website
Randomization.com. There was a minimum interval of 3 days between the two
experiments. Additionally, in a separate experiment, the subjects were asked to
consume ISO alone. The experimental procedure is described below and shown in
Fig. 3.5.

After an overnight fast, basal blood samples were drawn from an antecubital
vein of each subject. Subsequently, the subjects ingested randomly either 50 g ISO
combined with 21 g whey/soy (ISO+WS) or 50 g ISO combined with 21 g casein
(ISO+C). The amino acid composition of whey/soy and casein is listed in Fig. 3.6.
In another experiment, the subjects consumed only 50 g ISO. ISO, ISO+WS,
and ISO+C powders were manufactured by Numico Research (Wageningen, the
Netherlands). They were dissolved in water and administered as a single bolus
within 5 min. Blood samples were taken at every 15 min and at a 30-min interval
following 90 min ingestion until blood glucose returned to the baseline levels.
Blood samples were directly centrifuged at 2000 g for 10 min. Glucose and insulin
concentrations were measured in aliquots of plasma. The rest of the plasma samples
were frozen and stored at �20 ıC until the analysis of amino acids concentrations.
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Fig. 3.5 Design of ISO-Protein Study. After an overnight fast, subjects randomly ingested a drink
containing ISO+WS or a drink containing ISO+C. In another experiment, the subjects ingested a
drink containing only ISO. Blood samples were drawn prior to, at a 15-min interval up to 90 min,
and at a 30-min interval until the end of the experiment

Amino acid WS   C

Alanine (Ala) 3.8 2.8
Arginine (Arg) 4.7 3.4
Aspartic acid (Asp) 12.2 6.6
Cyst(e)ine (Cys) 2.1 0.4
Glutamic acid (Glu) 18.0 20.2
Glycine (Gly) 3.2 1.7
Histidine (His) 2.4 2.9
Isoleucine (Ile) 5.9 5.2
Leucine (Leu) 8.7 9.1
Lysine (Lys) 7.2 7.5
Methionine (Met) 1.5 2.7
Phenylalanine (Phe) 4.3 4.9
Proline (Pro) 4.8 9.5
Serine (Ser) 5.2 5.7
Threonine (Thr) 5.2 4.2
Tryptophan (Trp) 2.3 1.3
Tyrosine (Tyr) 3.4 5.2
Valine (Val) 5.2 6.7
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Fig. 3.6 Amino acid composition in whey/soy (ratio 1:1) and casein. Data are in g=100 g protein.
C casein, WS whey/soy

3.3 Analytics

3.3.1 Measurement of Plasma Glucose Concentrations

Plasma glucose concentrations were measured in the central laboratory of the
University Hospital of Giessen and Marburg using the ADVIA 1650 Chemistry
System (Bayer HealthCare, Leverkusen, Germany) based on the glucose hexokinase
II method.

Principle The assay basic principle is derived from the Slein’s method (Slein et al.
1950; Slein 1965; Bayer HealthCare 2006), which involves two enzymatic reactions
that are determined by a change in the absorbance using a spectrophotometer.
It uses enzymes hexokinase and glucose-6-phosphate dehydrogenase (G-6-PD).
Hexokinase catalyzes the phosphorylation of glucose from adenosine triphosphate
(ATP). The chemical reaction is irreversible, producing the substrate glucose-6-
phosphate (G-6-P). This substrate is subsequently oxidized by the G-6-PD, causing
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the reduction of nicotinamide adenine dinucleotide (NAD) to NADH. The NADH
absorbance is measured at a wavelength of 340 nm. Thus, glucose concentration is
directly proportional to NADH concentration.

Glucose C ATP
Hexokinase������! G-6-P C ADP

G-6-P C NAD+ G-6-PD����! 6-Phosphogluconate C NADH C H+

Procedure Plasma samples were added to the tubes containing reagent 1 composed
of buffer, sodium azide, ATP, and NAD. The absorbance of each sample was imme-
diately read at 340 nm for correcting interfering substances. Thereafter, reagent 2
was added to the tubes to initiate the enzymatic reactions of glucose. Reagent 2
containing the same compounds as reagent 1 was mixed with a buffer solution
of hexokinase and G-6-PD enzymes. The absorbance was again read at 340 nm
(Bayer HealthCare 2006). The difference in the absorbance unit between the first
and second measurements is proportional to plasma glucose concentration, which
was determined from a standard curve using known glucose concentrations.
The assay had the following characteristics (Bayer HealthCare 2006):

• Detection range of 0–700 mg=dL (0–38.9 mmol=L)
• No significant interferences (�10 %) to 25 mg=dL of bilirubin, 500 mg=dL of

hemoglobin, and 500 mg=dL of lipemia (intralipid); all at glucose concentration
of 80 mg=dL

• Intra- and inter-assay coefficients of variation of <3 %
• Correlation of y D 1:00x � 0:09; n D 35, r D 1:000

3.3.2 Measurement of Plasma Hormone Concentrations

3.3.2.1 Insulin

Plasma insulin concentrations were measured in the central laboratory of the
University Hospital of Giessen and Marburg using the ADVIA Centaur System
(Bayer HealthCare, Leverkusen, Germany) based on a sandwich chemilumines-
cence immunoassay technique.

Principle The principle of the immunoassay method is based on the formation of
antigen-antibody complex. In immunology, an antibody is a Y-shaped protein being
produced in the presence of a foreign object called antigen. Thus, an antigen is
a substance that triggers the production of antibody. An antibody can specifically
recognize a particular structure on an antigen, thereby binding to each other. This
binding mechanism is the basis applied in the immunoassay analysis. Usually,
antigen is the substance to be detected, i.e., insulin. In this immunoassay method,
two antibodies are used: a solid phase monoclonal mouse anti-insulin antibody and
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a monoclonal mouse anti-insulin antibody labeled with acridinium ester (Bayer
HealthCare 2003). The antigen is bound between those two antibodies in a sandwich
complex form. A specific substance is added to react with the labeled antibody of
the complex form. It produces light emission (luminescence) which can be detected
with a luminometer. The relative light units measured are directly proportional to
the amount of antigen in a plasma sample and hence is a quantification of insulin
concentration.

Procedure The assay procedure is performed by the ADVIA Centaur System in
the sequential steps as follows. Plasma samples were first pipetted to tubes before
the addition of labeled antibody. The sample mixtures were incubated at 37 ıC
for 5 min. By adding another antibody, the mixtures were then incubated again at
37 ıC for 2.5 min. Thereafter, the unbound materials in the tubes were separated
from the bound antigen-antibody complex by aspirating and washing the tubes with
deionized water. Subsequently, an acid solution followed by a base one were added
to the mixtures to induce the chemiluminescence reaction (Bayer HealthCare 2003).
The light emissions measured are proportional to plasma insulin concentrations,
which were derived from a calibration curve enclosed with the assay.
The assay had the following characteristics (Bayer HealthCare 2003):

• Detection range of 0.5–300 mU=L
• No significant cross-reactivity with proinsulin, C-peptide, gastrin-1, glucagon,

and secretin
• Interferences of �6 % up to 125 mg=dL of hemoglobin, 1000 mg=dL of lipid,

20 mg=dL of bilirubin, and 12 g=dL of protein
• Intra- and inter-assay coefficients of variation of <6 %
• Dilution recovery of 84.6–109.4%; spiking recovery of 103.8–113.8%

3.3.2.2 C-Peptide

Plasma C-peptide concentrations were determined in the laboratory of Medi-
cal Clinic and Policlinic 3 at Justus Liebig University using an enzyme-linked
immunosorbent assay (ELISA) kit from Dako (Glostrup, Denmark).

Principle The assay principle is based on the use of 2 monoclonal antibodies to
form a complex with antigen in a plasma sample. One of the antibody is labeled
with an enzyme. By adding an enzymatic substrate, the antigen-antibody complex
can be detected through a color change. The color intensity can be read by a
spectrophotometer or a plate reader and is a measure of the amount of antigen in
the plasma sample, which is proportional to C-peptide concentration. The basic
principle and assay procedure are shown in Fig. 3.7.

Procedure Plasma samples, calibrator, and control samples were pipetted into
microwells of a microplate that was coated with a specific mouse monoclonal
anti-C-peptide antibody. The antigens in the samples were then captured by the anti-
body, forming antigen-antibody complexes. A further anti-C-peptide monoclonal
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Fig. 3.7 C-peptide ELISA basic principle. (a) Monoclonal antibody coated microwells. (b)
Antigen of a plasma sample binds to antibody. (c) A second monoclonal antibody linked to enzyme
binds to the immobilized antigen. (d) After washing, a substrate is added and converted by the
enzyme into a color product. The color intensity is proportional to the amount of antigen, i.e.,
plasma C-peptide concentration

antibody, which was linked to horseradish peroxidase enzyme, was added to the
samples for detecting the antigens. The mixtures were incubated by placing the
microplate on a plate shaker at 20–30 ıC for 60 min. After incubation, the microplate
was washed with buffered solution 3 times to remove the unbound enzyme-labeled
antibody. Thereafter, a substrate solution containing 3,30,5,50-tetramethylbenzidine
(TMB) was added to react with the antigen-antibody complexes. The mixtures were
again incubated at 20–30 ıC and shaken for 10 min. The reaction was stopped
by adding sulfuric acid, producing a visual color change. The absorbance was
read by an ELISA microplate reader at 450 nm. A standard curve was derived
from the calibrators of known C-peptide concentrations in the assay, allowing the
determination of unknown C-peptide levels in the samples (Dako 2009).
The assay had the following characteristics (Dako 2009):

• Detection limit of 0.09 ng=mL (30 pmol=L)
• No cross-reactivity with human insulin, 83–84 % cross-reactivity with intact and

split proinsulin
• No interferences from lipid, bilirubin, rheumatoid factor or heterophilic antibod-

ies; interferences with proinsulin antibody complexes
• Intra- and inter-assay coefficients of variation of <5 %
• Recovery of 93–105 %

3.3.2.3 Glucose-Dependent Insulinotropic Peptide

Plasma total GIP levels were measured in the laboratory of Medical Clinic and
Policlinic 3 at Justus Liebig University using a commercial available sandwich
ELISA kit of Linco Research (St. Charles, MO, USA) under the catalog number
Cat. # EZHGIP-54K.

Principle The assay principle is similar to that for the measurement of C-peptide
concentrations.
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Procedure Plasma samples, control samples, and standard samples were added to
the microwells of a microtiter plate coated with anti-GIP monoclonal antibodies
and then incubated at room temperature for 1.5 h on a microtiter plate shaker.
After incubation, the plate was washed 3 times with buffer solution to remove
the unbound antigens in the samples. Subsequently, a second biotinylated anti-
GIP polyclonal antibody was added to all microwells and incubated at room
temperature for 1 h on the microplate shaker. To remove the unbound materials in
the samples, the wash step was repeated 3 times. Further, an enzyme solution con-
taining streptavidin-horseradish peroxidase conjugate was added for binding to the
immobilized biotinylated antibodies and incubated at room temperature for 30 min
on the plate shaker. After 3 times washing away the unbound antibody-enzyme
conjugates, a TMB substrate solution was added to react with the antigen-antibody-
conjugate complexes. After about 5–20 min, the reaction was stopped by adding salt
acid, producing a yellow color. The color intensity was measured by a plate reader
set at 450 and 590 nm (Millipore 2012b).1 The difference in the absorbance units
reflects the quantification of the enzyme activity, which is directly proportional to
the unknown GIP concentrations. These were determined by using a standard curve
derived from the standard samples with known GIP concentrations.

The assay had the following characteristics (Millipore 2012b):

• Detection limit of 4.2 pg=mL
• No significant cross-reactivity with glucagon, oxyntomodulin, GLP-1, and GLP-

2; 100 % cross-reactivity with GIP (1-42) and GIP (3-42)
• Intra- and inter-assay coefficients of variation of <9 %
• Recovery of 81–100 %

3.3.2.4 Glucagon-Like Peptide-1

Plasma GLP-1 levels were determined in the laboratory of Medical Clinic and
Policlinic 3 at Justus Liebig University on the biologically active forms, GLP-1
(7-36 amide) and GLP-1 (7-37 amide), using a commercial available ELISA kit of
Linco Research (St. Charles, MO, USA) under the catalog number Cat. # EGLP-
35K.

Principle The basic principle of this assay is based on a direct ELISA test (Milli-
pore 2012a).2 A solid-phase, immobilized monoclonal antibody binds specifically
to the N-terminal region of an active GLP-1 molecule to form antibody-antigen
complex. A washing step separates the unbound materials from the complex.
By adding an enzyme detection conjugate and removing the unbound conjugate
through a washing step, the formed antibody-enzyme conjugate can be detected

1Data sheet for Cat. # EZHGIP-54K was acquired from Millipore, formerly Linco Research.
2Data sheet for Cat. # EGLP-35K was acquired from Millipore, formerly Linco Research.
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through chemical reaction with a specific substrate. As a result, a fluorescent
outcome is produced, which directly quantifies the concentration of active GLP-1.

Procedure The assay procedure for measurement of GLP-1 is quite similar to
that for the determination of GIP concentrations (Millipore 2012a). At first, a
microplate coated with anti-GLP-1 monoclonal antibody was rinsed with washed
buffer. Plasma samples, standards, and controls were pipetted into microwells and
incubated overnight at 4 ıC for 20–24 h. On the following day, the liquid was
decanted and the plate was washed 5 times with the buffer solution. Immediately,
a detection conjugate (anti GLP-1-alkaline phosphatase) was added for binding
to the immobilized GLP-1. The mixture was incubated at room temperature for
2 h and the liquid was decanted thereafter. Next, a substrate solution containing
methylumbelliferyl phosphate was added to react with the enzyme phosphatase. The
mixture was incubated at room temperature for at least 20 min in the dark. After a
sufficient fluorochrome was generated, a stop solution was added and the mixture
was again incubated at room temperature in the dark for 5 min for terminating the
enzyme activity. The relative fluorescence units were determined by a fluorescence
plate reader at a wavelength of 355 or 460 nm. The measured fluorescence units are
proportional to the active GLP-1 levels in the samples, which were derived from a
standard curve with reference measurements of known active GLP-1 concentrations.
The assay had the following characteristics (Millipore 2012a):

• Detection limit of 2 pmol=L
• No cross-reactivity with GLP-1 (9-36 amide), GLP-2, and glucagon; 100 %

cross-reactivity with GLP-1 (7-36 amide) and GLP-1 (7-37 amide)
• Intra- and inter-assay coefficients of variation of <14 %
• Recovery of 78–100 %

3.3.2.5 Glucagon

Plasma glucagon levels were measured in the laboratory of Medical Clinic and
Policlinic 3 at Justus Liebig University using a commercial radioimmunoassay
(RIA) kit of Linco Research (St. Charles, MO, USA) under the catalog number
Cat. # GL-32K.

Principle The basic principle of a RIA method involves application of antibody to
specifically bind to antigen, which is similar to ELISA. The difference between the
two methods is that RIA uses radioactive-labeled antigen whereas ELISA employs
non-radioactive enzyme-linked antibody for detecting the amounts of antigens in a
sample. The basic principle of a RIA assay is shown in Fig. 3.8.

In a RIA method, the radiolabeled antigen is mixed with a fixed amount of
antibody to form antigen-antibody complex. Typically, about 50 % of the labeled
antigen is bound to the available antibody (total binding), indicating limited binding
sites. As such, when an unknown amount of unlabeled antigen in a sample is
added to the mixture, both labeled and unlabeled antigens will compete for the
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Fig. 3.8 RIA glucagon basic principle. (a) A mixture of antibody. (b) Radioactive-labeled antigen
(red dots) binds to the antibody. (c) Unlabeled antigen in a plasma sample (blue dots) is added to the
mixture and competes with the radiolabeled antigen for the limiting binding sites of antibody. The
more unlabeled antigen in a plasma sample, the more labeled antigen is displaced by the unlabeled
one. (d) A second antibody is added to the antigen-antibody complex. After washing, the complex
is measured for its radioactivity

limited binding sites on the antibody. Thus, the amount of labeled antigen that
binds to the antibody is correlated inversely to the amount of unlabeled antigen.
This means that if the quantity of unlabeled antigen is increased, the quantity of
bound labeled antigen will decrease accordingly and vice versa. After eliminating
the unbound free labeled antigen, the radioactivity of the bound antigen can be
measured with a gamma counter. The ratio of the bound to total bound antigen
reflects the quantity of unlabeled antigen in the mixture. By using a standard curve
with increasing concentrations of known amount of unlabeled antigen, the unknown
concentration of unlabeled antigen can be finally determined, which quantifies the
glucagon concentration in a sample.

Procedure The assay procedure took 3 days for completion (Millipore 2011).3

On day 1, an amount of antibody was added to tubes containing only assay buffer
and to tubes containing assay buffer with standards, controls, and plasma samples.
The tubes were mixed and incubated at 4 ıC for 20–24 h. Besides, blank tubes and
other tubes comprised only assay buffer were included in the assay. On day 2, an
amount of antigen i.e., glucagon labeled with 125I was added to all tubes. At this
time, the blank tubes contained the labeled antigen (total count (TC) tubes) and
the tubes with buffer contained also the labeled antigen but without antibody (non-
specific binding (NSB) tubes). They were mixed and incubated again at 4 ıC for
22–24 h. On day 3, an antibody precipitating reagent was added to all tubes, except
the TC tubes. They were mixed and incubated at 4 ıC for 20 min. After incubation,
they were centrifuged at 4 ıC for 20 min at 2,000–3,000g. The supernatants of all
tubes except those of TC tubes were decanted, and the remaining radioactive pellets
were measured for their radioactivity using a gamma counter. The radioactivities
of all tubes were subtracted from those of the NSB tubes, except for the TC tubes.
The total amount of labeled antigen bound to antibody was calculated from the total
binding tubes divided by the TC tubes. The unknown concentrations of antigen,

3Data sheet for Cat. # GL-32K was acquired from Millipore, formerly Linco Research.
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hence the concentrations of glucagon in the plasma samples were determined using
a standard curve, which was generated from the standard samples and calculated as
the percentage ratio of standard binding to total binding.
The assay had the following characteristics (Millipore 2011):

• Detection limit of 18.5 pg=mL
• No cross-reactivity with insulin, proinsulin, C-peptide, somatostatin, and pan-

creatic polypeptide; <0.1 % cross-reactivity with oxyntomodulin; 100 % cross-
reactivity with glucagon

• Intra- and inter-assay coefficients of variation of <7 % and 14 %, respectively
• Recovery of 96–98 %

3.3.3 Measurement of Plasma Amino Acid Concentrations

Plasma amino acid concentrations were determined in the laboratory of Numico
Research (Wageningen, the Netherlands) by high-performance liquid chromatogra-
phy (HPLC) using an automated pre-column derivatization with o-phthaldialdehyde
and a fluorescence detector.

Principle HPLC is a technique capable of separating and identifying several com-
ponents in a sample mixture, and measuring the concentration of each component
in the sample. The separation of each component relies on the interaction between
a mobile phase and a stationary phase. The schematic diagram of a typical HPLC
system is shown in Fig. 3.9. An HPLC equipment normally consists of a sampler,
a pump, a column, and a detector. The sampler transports the sample mixture into
the column, and the pump regulates the flow rate of a liquid solvent that is used
as a sample diluent for carrying the sample mixture to the column. This liquid
fluid is commonly composed of an aqueous organic solution (mobile phase). The
column (stationary phase) is a glass or stainless steel tube packed with spherical
particles or materials of differing carbon chain length. Once the sample mixture
arrives at the column via the mobile phase stream, the separation of each component
begins (Fig. 3.10). Each component in the mixture interacts differently with the
solid adsorbent particles in the column. The stronger the interaction, the longer
the component remains in the column. By contrast, it leaves the column in a
relatively short time when the interaction is weak. The time at which the component
emerges from the column is called the retention time, which is considered as a
characteristic to identify the component. Thus, by referring to the retention time
of each component in a standard sample, each composition of a sample mixture can
be finally identified. The column end is connected to a detector. After exiting the
column, each component is being processed by the detector. The detector generates
a signal proportional to the amount of sample component, which corresponds to the
sample components’ concentration.
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Fig. 3.9 Schematic diagram of an HPLC instrument. A sample is injected into the HPLC system.
The pump regulates the flow rate of a solvent in order to carry the sample to the column. Each
component of the sample interacts differently with the column, thereby being separated. After
separation, it enters the detector. The computer shows an output of a chromatograph, which is
called a chromatogram. The concentration of each component in the sample is proportional to the
area of the chromatogram
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Fig. 3.10 Separation principle of each component in a sample in an HPLC column. The column
shown here is made of stainless steel tube packed with MicroSpher C18 non-polar material. Thus, it
has a high affinity to non-polar components. The mobile phase, usually a liquid solvent, serves as a
sample carrier. When a sample reaches the column, each of the component in the sample interacts
differently with the column. Less polar components (blue band) have naturally a higher affinity
to the column and therefore remain longer in the column. On the other hand, polar components
(yellow band) have a lesser affinity to the column and flow off readily with the polar mobile phase.
As a result, the chromatogram shows the yellow band with a shorter retention time and the blue
one with a longer retention time

Procedure The procedure for determination of amino acids is described as fol-
lows. Before analysis, it is necessary to hydrolyze protein and polypeptides into
its individual amino acid components. For this purpose, plasma samples were
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deproteinized with perchloric acid. The mixtures were placed in an ice bath for
15 min and subsequently centrifuged. The remaining supernatants with free amino
acids were taken for further processing in the reversed-phase HPLC apparat.
Usually, the free amino acids are derivatized for analysis. A derivatization procedure
is a method to modify a molecule chemically aiming at improving detection or
sensitivity and reducing the time required for analysis. Thus, in the following step,
the free amino acids underwent derivatization procedures before entering and being
separated by the chromatographic column of the HPLC instrument. An automated
pre-column derivatization method was selected by using an integrated autosampler
mixing the free amino acids with o-phthaldialdehyde reagent (Fekkes et al. 1995).
This reagent is soluble and stable in liquid solution with a rapid reactivity, which
is suitable for the automated derivatization. The autosampler temperature was set at
20 ıC and equipped with MicroSpher C18; 3.0 �m in size, length � inner diameter
of 10 � 2:0 mm.

After the pre-column derivatization, the derivatized amino acids passed through
the column by means of aqueous organic streams with a flow rate of 1.5 mL=min.
The temperature of the column oven was set at 30 ıC. Typically, in a reversed-phase
HPLC, the column is packed with MicroSpher C18 material, 3.0 �m in size with
a length of 100 mm and an inner diameter of 4.6 mm. This column possesses a
high affinity to non-polar components. As such, the retention time is longer for
amino acid components which are less polar, while polar amino acid components
elute more readily in the analysis (Fig. 3.10). Measurements were made using
a fluorescence detector at an excitation wavelength of 340 nm and an emission
wavelength of 455 nm. To allocate each amino acid to its retention time, standard
samples were included in the analysis. The concentrations of each amino acid were
determined from standard curves of standard samples with the known amount of
amino acids. The standards curves were created by plotting peak areas of each amino
acid versus the known concentration of each amino acid in the standard samples.
The peak areas of each amino acid are determined from the corresponding areas of
chromatogram, i.e., a visual output of chromatography in form of a Gaussian curve
(bell curve).

3.3.4 Measurement of Stable Isotope Ratios

Stable isotope ratios in plasma and breath samples were measured at the Clinical
Research Center of Rochester University (NY, USA) using GCMS and isotope ratio
mass spectrometry (IRMS), respectively.
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3.3.4.1 Plasma [6,6-2H2]glucose and [13C]glucose Tracer-to-Tracee Ratios

Plasma TTRs of [6,6-2H2]glucose and [13C]glucose were measured simultaneously
on the glucose acetate boronate derivative using GCMS by selectively monitoring
ions of the mass-to-charge ratio (m/z) 299=297 and 298=297, respectively and
corrected for natural abundance and mass isotopomer effects using calibration
curves.

Principle GCMS is a combination of two instrumental techniques, namely gas
chromatograph (GC) and mass spectrometer (MS) that are used to simultaneously
identify and quantify different compounds in a sample. The GC performs the
separation of each compound, which is further processed and characterized by the
MS by measuring the mass of the compounds. Usually, the GCMS instrument
comprises of a GC system with the following components: a gas supplier, a
sample injector, an oven with capillary column, and a detector with the MS system
(Fig. 3.11). The coupling technique of GCMS enhances the sensitivity to detect
substrates qualitatively and quantitatively, even in trace amounts.

Similar to HPLC, the GC utilizes a chromatographic technique to separate each
compound in a sample. When a sample is introduced by injection into the GCMS
system, it is vaporized and the resulting gas sample is transferred by an inert gas
as the mobile phase to the stationary phase of a GC column. The gas mixture
will then be separated according to its affinity for the mobile or stationary phase.
The separation principle is similar to that of the HPLC. Components with a higher
affinity for the mobile phase than the stationary phase flow off the column more
rapidly, while components with a higher affinity for the stationary phase are retained

Capillary 
Column

GC Oven

Carrier Gas

Trap

Mass Spectrometer

Data Analysis
Ionization Source

Mass Spectrum

Injection Port
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Fig. 3.11 Schematic diagram of a GCMS instrument. GCMS consists of a GC and a MS detector.
A sample is injected into the system, subsequently is vaporized, and the resulting gas is carried by
an inert gas to the GC capillary column. After separation of each component in a sample, it reaches
the MS where the component of interest or the analyte molecule is ionized into charged molecules
or ions. Typically, in a selected ion monitoring mode, only ions at a certain m/z are monitored and
pass through the detector. The computer shows a mass spectrum of the monitored ions with their
relative abundances
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in the column, therefore are slowly eluted from the column. The GC and HPLC
basic principles are similar; however, they are different in the sample types and in
the composition of mobile and stationary phases. These differences are summarized
in Table 3.2.

Table 3.2 Comparison of GC and HPLC

Parameter GC HPLC

Sample type Gas samples (e.g., odorous sam-
ples such as petrochemicals, per-
fumes, and thinner) and samples
that vaporize at high temperature
(e.g., high molecular weight com-
pounds can be analyzed after pyrol-
ysis)

Liquid samples (e.g., a wide range
of liquid substances) and solvent-
soluble solid samples (e.g., high
molecular weight compounds can
be analyzed if dissolvable in liquid
solvent)

Mobile phase Gas (e.g., helium, nitrogen, hydro-
gen)

Liquid (e.g., mixture of water and
organic solvent such as acetonitrile
or methanol)

Stationary phase Solid/liquid Solid/liquid

After separation and elution of the individual compounds from the GC column,
they pass through an interface and enter into the MS. The MS system consists of
3 important parts: an ionization chamber, an ion mass analyzer, and a detector. In
the ionization chamber, each compound undergoes ionization; the most common
one is the electron impact ionization. Here, the compounds are beamed with a
stream of electrons. Upon collision with the electrons, the compounds are turned
into charged ions. These are usually intact molecules with a single positive charge,
called molecular ions (M+�).

M C e� ! M+� C 2e�

The symbol M+� indicates molecular radical cations. Due to their instability, they
can be broken into smaller pieces or fragments. The fragments can be charged or
remain uncharged. Only charged compounds or fragments can pass through the ion
analyzer. The charged ions have a definite mass. The mass of the fragment divided
by the charge is called the m/z. Since most fragments have a charge of C1, the m/z
usually represents the molecular weight of the fragment.

Most commonly, GCMS instruments use a quadrupole mass analyzer to filter
ions of interest. The quadrupole consists of 4 electromagnetic rods that employ
opposite voltages to control ion movements. Only ions with a defined m/z will
reach the detector, whereas those with higher or lower m/z are absorbed by the rods
(Patterson 1997). In a selected ion monitoring (SIM) mode, the quadrupole is set
to sort ions in a limited m/z range for passing through the detector. The detector
generates electrical signals that are proportional to the number of detected ions. The
computer software shows a mass spectrum; a bar graph with x-axis representing
the m/z ratios and y-axis representing the relative abundance of each ion. The ion
abundance of a molecule at a specific mass is used for quantifying stable isotopes.
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TTR for Stable Isotope Quantification TTR is an expression for the dilution of
isotope tracer in a tracee system, referring to the ratio of tracer mass divided by
tracee mass. The quantification of tracer dilution using radioisotopes is straight-
forward, since tracer and tracee are distinguishable. The tracer mass is directly
proportional to the energy emitted by the radiolabeled isotope, commonly expressed
as disintegrations per minute. When stable isotopes are used as tracers, the mass
ratio of 2 isotopic species is measured by the MS system, which determines
the ratio of the masses of labeled and unlabeled species. The unlabeled species
refer to the naturally most abundant isotope, whereas the labeled species refer to
the naturally less abundant one. Because stable isotopes occur naturally in every
molecule (Table 3.1), they are present to some extent in the tracee and tracer. As
shown in Fig. 3.12, the stable isotope tracer is basically composed of the artificially
labeled species with a lower amount of the unlabeled ones, and the tracee contains
the unlabeled naturally occurring isotopes (i.e., most abundant and less abundant
isotopes) (Cobelli et al. 1992). For example, when a tracer labeled with 13C is
infused into a tracee system, the sample taken for analysis comprises a mixture
of total 12C and 13C that is derived from both the tracer and tracee. To calculate

STABLE ISOTOPE TRACER RADIOISOTOPE TRACER
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Fig. 3.12 Relative contribution of labeled and unlabeled species to a sample taken during an
experiment using radioactive or stable isotope tracers. Q is tracee mass, q(t) is tracer mass, “a”
superscript denotes unlabeled species, and “s” superscript denotes labeled species. Both labeled
and unlabeled species are readily distinguishable when they are measured in a sample taken from a
radioactive tracer experiment. In contrast, a sample taken from a stable isotope experiment contains
labeled and unlabeled species, which are contributed by both the tracer and tracee. The dilution of
tracer in a tracee system is expressed as TTR by dividing the tracer mass to tracee mass. Thus,
TTR D q.t/=Q (Figure adapted from Cobelli et al. 1992)
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the unknown TTR in the sample, the contribution of tracer and tracee to each of
the isotopic totals must be corrected from the known isotopic characteristic of the
naturally unlabeled tracee and the known isotopic composition of the labeled tracer.

Procedure Plasma samples were initially deproteinized with acetone and the
mixtures were centrifuged. The supernatants containing glucose were taken and
dried under vacuum condition using a speedvac. Aliquots of glucose standards
with increasing enrichment levels of [6,6-2H2]glucose and [13C]glucose were also
dried under the same condition. Further, the dried samples were derivatized before
injected into the GCMS. The purpose of derivatization was to increase glucose
volatility and stability, making it suitable for GC analysis. The derivatization
procedure was prepared according to Wiecko and Sherman (1976). First, the dried
samples were mixed with a solution of pyridine and butyl boronic acid, then placed
on a shaker for 2 h. Next, acetic anhydride solution was added to the mixtures and
kept them at room temperature for 1 h. Under this derivatization process, glucose
was converted into glucose acetate boronate (Fig. 3.13), yielding a molecule with a
molecular weight of 354. Thereafter, the samples were evaporated again to dryness
using the speedvac and finally reconstituted in acetonitrile for GCMS analysis.
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Fig. 3.13 Derivatization of glucose using boroacetylation. Glucose reacts with butyl boronic acid
and acetic anhydride to form glucose acetate boronate

The enrichment of the glucose acetate boronate derivative was determined by
GCMS with the SIM mode at m/z 297, 298, and 299. Briefly, after the glucose
acetate boronate derivative was separated and eluted from the GC capillary column,
it was ionized by the electron impact ionization method, and the molecular ions
at m/z 354 were formed. The second most abundant ions in the mass spectrum
are those at m/z 297, formed by expulsion of a butyl radical (C4H9) and charge
stabilization via interaction of acetate with the boron atom of the 3,5-cyclic boronate
(Fig. 3.14) (Wiecko and Sherman 1976). These ions, also called the [M-57]+ ions
at m/z 297 and 299, were monitored for unlabeled glucose and [6,6-2H2]glucose,
respectively. Simultaneously, the [M-57]+ ions at m/z 297 and 298 were monitored
for unlabeled glucose and [13C]glucose, respectively. The peak abundance ratios
of ions at m/z 299=297 and 298=297 representing the ratios of 2H=1H and
13C=12C were used for calculations. Standard curves of known [6,6-2H2]glucose
and [13C]glucose enrichments were generated from each set of samples. From these
ratios, the baseline-corrected and standard curve-corrected glucose enrichments
were computed as TTR.
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Fig. 3.14 Formation of glucose acetate boronate into fragment ion at m/z 297. When a glucose
acetate boronate molecule is ionized, an intact molecular ion at m/z 354 is produced. Expulsion of
a butyl radical can cause the molecular ion to break into fragment ion, yielding an ion at m/z 297
(Figure adapted from Wiecko and Sherman 1976)

3.3.4.2 Breath 13CO2

Breath 13CO2 was determined using IRMS by measuring the ratio of 13C=12C and
comparing it to the international standard Pee Dee Belemnite (PDB) for carbon.
Breath 13CO2 deriving from 13C-enriched carbohydrates, such as [1-13C]ISO or
[1-13C]SUC, is used as an indicator for substrate oxidation. The pathway of
substrate metabolism is shown below. After ingestion, ISO or SUC is hydrolyzed
into its monosaccharides glucose and fructose. Glucose molecule reacts with oxygen
to form carbon dioxide, which is then used as an indicator for the oxidative
glycolysis process.

Œ1-13C12�H22O11

Œ13C�ISO=Œ13C�SUC

C H2O
Water

�! Œ1-13C6�H12O6

Œ13C�glucose

C 6O2
Oxygen

�! 613CO2
Œ13C�Carbon dioxide

C 6H2O
Water

Principle An IRMS is an instrument used for measuring stable isotope ratios of
particular elements, such as C, N, O, H, and S. The IRMS works on a basic principle
similar to GCMS. It can differentiate the different masses of isotopes and determine
the ratios between isotope pairs.

Generally, an IRMS consists of an inlet system, an ionizer, an ion mass analyzer,
and an ion detector. The inlet system is the place where pure gases samples (e.g.,
CO2, N2, H2, and SO2) or biological samples are introduced. There are two types
of inlet system: a continuous-flow and a dual inlet. In a continuous-flow inlet,
the biological samples are first brought by gas carrier to a combustion chamber
where the gas conversion of the samples takes place. In this chamber, a GC may
be configured for separating different gas products. The resulting gases can then be
used in the MS system for further analysis. Typically, a reference gas with known
isotopic ratio is included in the analysis, which can be introduced into the system
before or after the samples, or after a series of sample measurements. In a dual
inlet, the system switches alternately between a pure gas sample and a reference gas
that enter in turn into the MS. Both gas samples are brought by capillary tubes to a
system of valves that controls the switch. The capillaries are equipped with crimps
to enable regulation of gas flow (Brand 2004).
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After the gas samples reach the MS, they undergo the same procedure as that in a
typical MS system. The gas samples are initially ionized by a beam of electrons
in the ionization chamber, and the resulting ionized gases are then separated in
an electromagnetic area according to their masses. Finally, the ions reach detector
that generates electrical signals proportional to the amount of ions hitting the
detector. An IRMS is typically equipped with multiple detectors. Several ions can
be caught and simultaneously detected by multiple Faraday cups, thereby allowing
the simultaneous detection of multiple isotopes. Thus, the relative proportions of
different isotopes can be calculated.

Procedure Breath samples and standard gas samples were injected into an IRMS
with an auto injector and the isotopic ratio of 13C=12C was measured. The results
were expressed as delta (ı) values. These are ratios that relate the carbon isotopic
composition of a sample to that of a standard sample, usually the carbon from PDB
limestone. The so called ı13CPDB is expressed as per mil (�).

Delta values are said to be either heavier (enriched) or lighter (depleted) than a
standard. For example, if a sample is said to have a delta value of C5 � ı13C then it
is 5 parts in 1000 enriched in 13C compared with the standard. If it has a delta value
of �5 � ı13C then it is 5 parts in 1000 depleted in 13C.

3.4 Calculations

3.4.1 Plasma Glucose Turnover

Stable isotope data, which are expressed as TTR, are used in the mathematical
modeling for calculation of glucose kinetics. Models for calculating glucose
turnover use the known tracer infusion rate and the measured tracer and tracee
concentrations to estimate the unknown Ra and Rd of tracee at different time points.
Equilibrium was achieved before administration of ISO or SUC in the ISO/SUC-
Clamp Study (�10, �5, and 0 min), therefore glucose turnover rates were calculated
using a derivation of Steele’s steady-state equation (Steele et al. 1956) as described
by Finegood et al. (1987). Following administration of the disaccharides, glucose
turnover rates were calculated under non-steady-state condition as follows.

Prior to the calculation of glucose kinetics, a 5-min interpolation was performed
on the TTR and glucose concentration data. The interpolation was necessary in
order to obtain tracer and tracee data at equally spaced time intervals. Subsequently,
the data were calculated as average values at 15 min interval and smoothed using
OOPSEG, a program developed for smoothing tracer and tracee data based on
optimal segments approach (Finegood and Bergman 1983; Bradley et al. 1993). The
OOPSEG program minimizes measurement error and calculates a smooth curve
closely to the original data points. It uses iterative methods to find line segments
of noisy data, thereby minimizing changes in slope and deviation of the generated
smoothed points. Thus, smoothing makes the calculation of glucose kinetics more
accurate.
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After data interpolation and smoothing, the postprandial glucose turnover was
subsequently calculated under non-steady-state condition using Steele’s 1-CM
(Steele 1959) and Mari’s 2-CM (Mari 1992) combined with Finegood’s procedure
to account for the amount of [6,6-2H2]glucose added to the exogenous GINF
(Finegood et al. 1987). The models for estimation of non-steady glucose turnover
rates are based on the following assumptions (Radziuk et al. 1978):

• Tracer’s physical and chemical behavior is identical to that of tracee
• Time-variation in Ra is slower than mixing times in the compartment where both

tracer and tracee appear
• Sampling of concentrations and appearance of tracer and tracee are in the same

well-mixed compartment

Steele’s One-Compartment Model In the Steele’s model (Steele 1959; Cobelli
et al. 1987), the tracee Ra with respect to time or Ra.t/ is estimated as follows

Ra.t/ D R�
a

a.t/
� VS

C.t/Pa.t/

a.t/
(3.12)

where R�
a is the tracer infusion rate given as a constant infusion, C.t/ is the tracee

concentration at time t, a.t/ is the TTR at time t which equals the ratio of tracer-
to-tracee concentration at time t or defined as C�.t/=C.t/, and Pa.t/ is the TTR
derivative at time t and is equal to the ratio da.t/=dt. The parameter VS represents
the Steele’s glucose distribution volume. In the body, glucose is distributed in a
physically complex fashion in defined regions, such as in vascular, interstitial, and
intracellular fluids. As a result of flows and diffusion, glucose is nonuniformly
distributed throughout the body. Its distribution volume is usually assumed to be
approximately 25 % of body weight or assumed to equal 200 mL=kg. As shown
in Fig. 3.15, the Steele’s model for determining the tracee Ra involves a single
compartment with a constant volume VS and a time-varying elimination rate k01.t/.
In this compartment analysis, it is assumed that rapid changes in the TTR and

C(t)   C*(t)

Vs

k01(t)

Ra(t)

Ra
*

Fig. 3.15 Steele’s 1-CM for calculation of glucose kinetics under non-steady-state condition.
Glucose is distributed in the compartment throughout a volume VS, which equals a constant pool
fraction of the total distribution volume of glucose (VS D pVT ). The pool fraction p is used to
account for the nonuniform mixing of glucose in the compartment. C.t/ = tracee concentration,
C�.t/ = tracer concentration, k01.t/ = fractional tracer disappearance rate, Ra.t/ = tracee rate of
appearance, R�

a = tracer rate of appearance, VS = Steele’s volume (Figure adapted from Steele 1959
and Cobelli et al. 1987)
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concentration of glucose do not occur uniformly within the glucose pool. To account
for the nonuniform mixing, a pool fraction was used as a correction factor (Debodo
et al. 1963). Thus, VS equals a pool fraction p of the total glucose distribution volume
VT or is expressed as VS D pVT .

Mari’s Two-Compartment Model In later years, a 2-CM for calculation of
glucose kinetics was proposed by Steele himself (Steele et al. 1974) and others,
such as Radziuk et al. (1978), Cobelli et al. (1987), and Mari (1992) in order to
eliminate the uncertainty associated with nonuniformity of glucose distribution in
the pool fraction approach. The Mari’s model for determining the tracee Ra in the
non-steady state is equivalent to the 2-CM proposed by Steele et al. (1974) and
to one of the 2-CM proposed by Radziuk et al. (1978). Compared to them, the
Mari’s approach is more practical because the calculations can be performed without
using a specific or a complex computer program. The model is shown in Fig. 3.16
below. The first compartment is assumed to be the accessible compartment where
both tracer and tracee appear, and therefore it is the compartment where glucose
tracer and tracee concentrations are sampled and measured. The glucose distribution
volume of this accessible compartment is constant, denoted by V1. The second
compartment is the unobservable compartment with volume V2. Since changes in
glucose concentrations are influenced by glucose disappearance rates, the exchange
coefficients between the two compartments (k12 and k21) are assumed constant.
Glucose disappearance is assumed to take place only in the first compartment,
therefore k02 is equal to 0 (Katz et al. 1974; Radziuk et al. 1978).

C(t)   C*(t)

V1

k01(t)

Ra(t)

Ra
*

V2

k02

k21

k12

Fig. 3.16 Mari’s 2-CM for calculation of glucose kinetics under non-steady-state condition.
Tracer and tracee appear in the first compartment in which they are measured. C.t/ = tracee
concentration, C�.t/ = tracer concentration, k21 and k12 = intercompartmental rate constants, k01.t/
and k02 = tracer disappearance rates in the respective compartment, Ra.t/ = tracee rate of appear-
ance, R�

a = tracer rate of appearance, V1 and V2 = glucose distribution volumes of the respective
compartment (Figure adapted from Mari 1992 and Cobelli et al. 1987)

The Mari’s 2-CM equation (Mari 1992) for calculating tracee Ra is

Ra.t/ D R�
a

a.t/
� V1

C.t/Pa.t/

a.t/
C R2.t/ (3.13)
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As in the Steele’s 1-CM, the Mari’s 2-CM equation includes in the first part a
steady-state equation for the calculation of non-steady glucose turnover rates, i.e.,
R�

a =a.t/. The second part is identical to that of Steele’s, differing only in the glucose
distribution volume of the compartment. The third part, denotes as R2.t/, is the key
method in the 2-CM and is the estimate of the structure error. The calculation of
R2.t/ is complex as described in Mari (1992) by a convolution integral equation. Its
calculation requires the knowledge of all involved parameters, such as the volume
V2 and the rate parameters k01, k02, k21, and k12. In practical term, Mari (1992)
developed an equivalent equation for estimation of R2.t/, which can be implemented
on a worksheet. The equation is defined as follows

R2.tk/ D V2k22

�
g�.tk/

a.tk/
� g.tk/

�
(3.14)

where a.t/ is the TTR at time t, g.t/ and g�.t/ are the delayed glucose concentrations
calculated respectively from tracee and tracer concentrations at time t, k22 is the
sum of the rate parameters k12 and k02, i.e., k22 D k12 C k02, and V2 is the glucose
distribution volume of the second compartment. Total glucose distribution volume
is the sum of the volume in the first and second compartments, i.e., VT D V1 C V2.
The volume V2 is related to V1 and the rate parameters of the model, which can be
calculated as

V2 D V1

k12k21

k2
22

(3.15)

The variables R2.tk/, g.tk/, and g�.tk/ are R2.t/, g.t/, and g�.t/ calculated over a
discrete set of time points. R2.t/ is calculated iteratively from t1 with R2.t0/ D 0.
Before the calculation of R2.t/, the parameters g.tk/ and g�.tk/ need to be first
estimated. These can be calculated using the following equations

g.tkC1/ D b1g.tk/ C b2C.tk/ C b3C.tkC1/; g.t0/ D C.t0/ (3.16)

g�.tkC1/ D b1g�.tk/ C b2C�.tk/ C b3C�.tkC1/; g�.t0/ D C�.t0/ (3.17)

The parameters b1, b2, and b3 are constants, which are solved using the following
equations

b1 D e�k22T (3.18)

b2 D 1 � b1

k22T
� b1 (3.19)

b3 D 1 � 1 � b1

k22T
(3.20)



3.4 Calculations 57

T is the time interval between each data set used in the calculation. R2.tk/ is
subsequently integrated in Eq. 3.13 to obtain the tracee Ra.

Finegood’s Approach In the ISO/SUC-Clamp Study, two glucose tracers were
applied to measure glucose kinetics. One tracer was intravenously infused and the
other one was ingested. This dual-isotope method used the intravenously infused
[6,6-2H2]glucose tracer to measure total glucose Ra and the ingested [1-13C]ISO or
[1-13C]SUC to estimate Ra of oral absorbed glucose deriving from ISO or SUC.
The [6,6-2H2]glucose tracer was infused both at constant and variable rates. As a
variable infusion, [6,6-2H2]glucose was added to the exogenous GINF and the GINF
rate was variably adjusted according to blood glucose concentration. To account for
the [6,6-2H2]glucose tracer added to the exogenous GINF during the ISO/SUC-
Clamp experiment, both 1-CM and 2-CM equations for the calculation of glucose
Ra were slightly modified according to Finegood et al. (1987). Figure 3.17 shows
the adjusted models, which are basically similar to the Steele’s 1-CM and the Mari’s
2-CM with respect to the additional variable rate of [6,6-2H2]glucose added into the
glucose pool.

C(t)   C*(t)

Vs

k01(t)

Ra(t)

Ra
*

Ra
*(t)

C(t)   C*(t)

V1

k01(t)

Ra(t)

Ra
*

V2

k02

k21

k12

Ra
*(t)

Fig. 3.17 Modified 1-CM and 2-CM for calculation of glucose kinetics under non-steady-
state condition. Glucose tracer is infused both at constant and variable rates. C.t/ D tracee
concentration, C�.t/ D tracer concentration, k21 and k12 D intercompartmental rate constants,
k01.t/ and k02 D tracer disappearance rates in the respective compartment, Ra.t/ D tracee rate of
appearance, R�

a D constant tracer rate of appearance, R�

a .t/ D variable tracer rate of appearance,
VS D Steele’s glucose distribution volume, V1 and V2 D glucose distribution volumes of the
respective compartment

The modified 1-CM and 2-CM equations for calculating glucose Ra under non-
steady-state condition become

Ra.t/ D R�
a C R�

a .t/

a.t/
� VS

C.t/Pa.t/

a.t/
(3.21)

Ra.t/ D R�
a C R�

a .t/

a.t/
� V1

C.t/Pa.t/

a.t/
C V2k22

�
g�.tk/

a.tk/
� g.tk/

�
(3.22)

Thus, in the ISO/SUC-Clamp Study, the tracer input is the sum of constant and
variable infusion rates R�

a and R�
a .t/, respectively. R�

a .t/ is equal to the time-varying
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GINF multiplied by the GINF enrichment or expressed as

R�
a .t/ D GINF.t/ � TTRGINF (3.23)

The calculations of each parameter of glucose kinetics are described below and used
in the data analysis of ISO/SUC-Clamp Study.

3.4.1.1 Total Glucose Rates of Appearance

Total glucose Ra was estimated using the modified 1-CM and 2-CM as described in
Eqs. 3.21 and 3.22, respectively. Because the measurement was based on the dilution
of [6,6-2H2]glucose tracer, the concentration ratio of plasma [6,6-2H2]glucose to
plasma total glucose was used in the calculation. Total glucose concentration was
measured directly in the plasma sample, thereby comprising both unlabeled glucose
and labeled glucose originated from the infused and ingested tracers. Thus,

GT.t/ D G.t/ C G2H.t/ C G13C.t/

D G.t/ Œ1 C TTR2H.t/ C TTR13C.t/� (3.24)

Solving Eq. 3.24 for plasma [6,6-2H2]glucose concentration

G2H.t/ D GT.t/ � TTR2H.t/

1 C TTR2H.t/ C TTR13C.t/
(3.25)

By substituting all relevant parameters used in Eq. 3.21, the modified 1-CM equation
for calculating total glucose Ra becomes

RaT.t/ D F2H C F2H.t/

G2H.t/=GT.t/
� pVGT.t/

G2H.t/=GT.t/
� d ŒG2H.t/=GT.t/�

dt
(3.26)

Similarly, considering all relevant parameters used in Eq. 3.22, the modified 2-CM
equation for estimating total glucose Ra becomes

RaT.t/ D F2H C F2H.t/

G2H.t/=GT.t/
� V1GT.t/

G2H.t/=GT.t/
� d ŒG2H.t/=GT.t/�

dt

CV2k22 �
�

g2H.t/

G2H.t/=GT.t/
� gT.t/

�
(3.27)

where

RaT.t/ D total glucose Ra (in �mol=kg=min)
GT.t/ D plasma total glucose concentration (in mmol=L)
G2H.t/ D plasma [6,6-2H2]glucose concentration, determined using

Eq. 3.25 (in mmol=L)
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G2H.t/=GT.t/ D ratio of tracer-to-tracee concentration, i.e., ratio of plasma
[6,6-2H2]glucose-to-plasma total glucose concentration
(dimensionless)

F2H D constant [6,6-2H2]glucose infusion rate, which equals
3 mg=min or 16.67 �mol=min (in �mol=kg=min)

F2H.t/ D variable [6,6-2H2]glucose infusion rate, calculated using
Eq. 3.23 (in �mol=kg=min)

pV D glucose distribution volume in the 1-CM, which equals a pool
fraction p of the total distribution volume V (in mL=kg)

V1 D glucose distribution volume of compartment 1 in the 2-CM (in
mL=kg)

V2 D glucose distribution volume of compartment 2 in the 2-CM,
estimated using Eq. 3.15 (in mL=kg)

k22 D constant rate parameter in the 2-CM, estimated as the sum
of rate parameters k12 and k02 (k22 D k12 C k02) with k12

denoting transfer from compartment 2 to compartment 1 and
k02 denoting irreversible loss from compartment 2 (in min�1)

g2H.t/ D delayed plasma [6,6-2H2]glucose concentration, calculated
recursively using Eq. 3.17 (in mmol=L)

gT.t/ D delayed plasma total glucose concentration, calculated recur-
sively using Eq. 3.16 (in mmol=L)

To calculate RaT.t/ using the 1-CM equation, total glucose distribution volume
V was initially considered to be constant and equals 200 mL=kg with a pool
fraction p of 0.65 (pV D 130 mL=kg). Subsequently, a time-varying pV.t/ was
calculated using the mass balance equation of [6,6-2H2]glucose under the following
assumptions:

• Both Ra and Rd of glucose and glucose tracer take place in the accessible
compartment, which have a volume pV

• Rd of [6,6-2H2]glucose tracer, i.e., k01;2H, follows the profile pattern of total
glucose Rd, which is defined as the ratio of glucose-to-insulin concentration
multiplied by a constant factor (Best et al. 1981).

The mass balance equation of [6,6-2H2]glucose is

pV.t/ � dG2H.t/=dt D F2H C F2H.t/ � Rd 2H.t/

D F2H C F2H.t/ � k01;2H.t/ � pV.t/ � G2H.t/ (3.28)

Solving Eq. 3.28 for pV.t/

pV.t/ D F2H C F2H.t/

dG2H.t/=dt C k01;2H.t/ � G2H.t/
(3.29)

The estimated data were normalized by subtracting RaT.t/ from the exogenous
GINF.t/.
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To calculate RaT.t/ using the 2-CM equation, glucose distribution volume in
the first compartment V1 was assumed to equal 130 mL=kg. Glucose distribution
volume in the second compartment V2 was subsequently calculated using Eq. 3.15.
For this calculation, values for the rate parameters k12, k21, and k22 were assumed
to equal 0.059, 0.043, and 0.067 min�1 (Mari 1992). The estimated data were
normalized by subtracting RaT.t/ from the exogenous GINF.t/.

During the first 3 h of insulin infusion, the exogenous GINF increased gradually.
Subsequently after ISO or SUC ingestion, the GINF was reduced appropriately to
compensate for the oral absorbed glucose deriving from ISO or SUC. Therefore, the
above estimated data were normalized by subtracting RaT.t/ from the exogenous
GINF.t/. Thus, RaT.t/ comprises both endogenous and exogenous glucose, i.e., oral
glucose derived from ingestion of ISO or SUC and [6,6-2H2]glucose tracer.

3.4.1.2 Oral Glucose Rates of Appearance

After ingestion of [1-13C]ISO or [1-13C]SUC, plasma [13C]glucose TTR was used
to derive plasma glucose concentration originating from oral ISO or SUC load. This
was calculated as follows

GISO/SUC.t/ D G13C.t/

�
1 C 1

TTRISO/SUC

�
(3.30)

where G13C is the plasma [13C]glucose concentration and TTRISO/SUC is the TTR in
ISO or SUC. Plasma [13C]glucose concentration was determined analog to Eq. 3.25
for plasma [6,6-2H2]glucose concentration with TTR2H.t/ in place of TTR13C.t/.

G13C.t/ D GT.t/ � TTR13C.t/

1 C TTR2H.t/ C TTR13C.t/
(3.31)

To estimate oral glucose Ra after ISO or SUC load, the concentration ratio of
plasma [6,6-2H2]glucose to plasma glucose deriving from ISO or SUC was used in
the calculation. Oral glucose Ra was calculated by applying Eq. 3.26, with GT.t/ in
place of plasma glucose concentration after ISO or SUC bolus (GISO/SUC). Substituting
all relevant parameters, the modified 1-CM equation for calculating oral glucose Ra

becomes

RaO.t/ D F2H C F2H.t/

G2H.t/=GISO/SUC.t/
� pVGISO/SUC.t/

G2H.t/=GISO/SUC.t/
� d ŒG2H.t/=GISO/SUC.t/�

dt
(3.32)

Similarly, oral glucose Ra was calculated by applying Eq. 3.27, with GT.t/ in place
of plasma glucose concentration after ISO or SUC bolus (GISO/SUC). Considering all
relevant parameters, the modified 2-CM equation for estimating oral glucose Ra

becomes
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RaO.t/ D F2H C F2H.t/

G2H.t/=GISO/SUC.t/
� V1GISO/SUC.t/

G2H.t/=GISO/SUC.t/
� d ŒG2H.t/=GISO/SUC.t/�

dt

CV2k22 �
�

g2H.t/

G2H.t/=GISO/SUC.t/
� gISO/SUC.t/

�
(3.33)

where

RaO.t/ D oral glucose Ra (in �mol=kg=min)
GISO/SUC.t/ D plasma glucose concentration deriving from ISO or SUC,

calculated using Eq. 3.30 (in mmol=L)
G2H.t/=GISO/SUC.t/ D ratio of tracer-to-tracee concentration, i.e., ratio of plasma

[6,6-2H2]glucose-to-plasma glucose concentration deriv-
ing from ISO or SUC (dimensionless)

gISO/SUC.t/ D delayed plasma glucose concentration deriving from ISO
or SUC, calculated recursively using Eq. 3.16 (in mmol=L)

To calculate RaO.t/ using the 1-CM and 2-CM equations, pV and V1 were
assumed to be constant and equal 130 mL=kg. All other parameters were estimated
analog to those described for the calculation of RaT.t/. The estimated data were
normalized by subtracting RaO.t/ from the decrement in GINF.t/.

3.4.1.3 Endogenous Glucose Production

Total glucose Ra comprises exogenous ingested glucose deriving from ISO or SUC
ingestion plus the infused [6,6-2H2]glucose tracer as well as endogenously produced
glucose. Therefore, EGP was calculated by subtracting oral glucose Ra and the total
[6,6-2H2]glucose infusion rate from the total glucose Ra.

EGP.t/ D RaT.t/ � RaO.t/ � ŒF2H C F2H.t/� (3.34)

where EGP.t/ is the EGP at time t in �mol=kg=min. The above equation was used
to calculate EGP in the 1-CM and 2-CM with their respective RaT.t/ and RaO.t/.

3.4.1.4 Total Glucose Rates of Disappearance

Total glucose Rd was calculated in the 1-CM using the formula

RdT.t/ D RaT.t/ � pV
dGT.t/

dt
(3.35)

The above equation can also be expressed as

RdT.t/ D ŒRaO.t/ C EGP.t/ C F2H C F2H.t/� � pV
dGT.t/

dt
(3.36)
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Similarly, total glucose Rd was calculated in the 2-CM using a slightly different
formula

RdT.t/ D RaT.t/ � V1

dGT.t/

dt
(3.37)

where RdT.t/ is the total glucose Rd at time t in �mol=kg=min.
The calculation procedure of RdT.t/ in the 1-CM was similar to that for

estimating RaT.t/. The glucose distribution volume pV was initially assumed to
equal 130 mL=kg and subsequently was varied according to Eq. 3.29. For the
calculation of RdT.t/ using the 2-CM equation, V1 was assumed to be 130 mL=kg.

3.4.1.5 Splanchnic Glucose Uptake

Glucose uptake by the splanchnic tissues (i.e., hepatic and gastrointestinal tissues)
was calculated by subtracting the cumulative amount of RaO from the amount of
glucose ingested.

SGU D D �
Z 240

0

RaO.t/dt (3.38)

where

SGU D splanchnic glucose uptake (in g)
D D total amount of glucose ingested (in g)R 240

0
RaO.t/dt D total amount of RaO reaching the systemic circulation, cal-

culated as AUC of RaO.t/ during the 4-h postprandial period
(in g)

The amount of ISO or SUC ingested was 1 g=kg body weight of each subject.
Since ISO and SUC consist of 50 % glucose and 50 % fructose, the oral glucose load
is equivalent to half of the amount of ISO or SUC ingested. Thus, D was assumed to
equal half amount of ISO or SUC load. The total amount of RaO in g was calculated
as follows. First, the RaO calculated at every time point was multiplied by time
interval and body weight of each subject. Thereby, the amount of RaO in g at every
time interval was obtained. Next, these amounts were integrated to finally obtain
the total amount of RaO. The same procedure was also applied to obtain the total
amount of RaT, EGP, and RdT in g.
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3.4.2 Insulin Sensitivity

Insulin sensitivity was calculated under fasting and postprandial conditions
using homeostasis model assessment (HOMA) and oral glucose minimal model,
respectively.

3.4.2.1 Fasting Insulin Sensitivity

Fasting insulin sensitivity was calculated according to Matthews et al. (1985) based
on the HOMA method. The model was developed by Matthews and his co-workers
to interpret basal plasma glucose and insulin concentrations and the relationship
between them. It was based on available physiological data of ˇ-cell, hepatic, and
peripheral responses to control glucose and insulin fluxes in humans and animals.
Originally, it was summarized in a response-curve format that allows one to quantify
both the degree of ˇ-cell response and insulin resistance from basal plasma glucose
and insulin concentrations. Thus, the relative importance of the contribution of ˇ-
cell deficiency and insulin resistance to diabetes can be estimated (Turner et al.
1979).

The central of the HOMA method is the interaction in the feedback loop between
liver and ˇ-cells. Basal insulin secretion rate is predominantly determined by plasma
glucose concentration. Hepatic glucose production is influenced by both plasma
insulin and glucose concentrations. In a simple method, the model of this interaction
can be described in two equations.

I D f1.B; G/ (3.39)

where I is the plasma insulin concentration, G is the plasma glucose concentration,
and B is the fractional coefficient (or percentage) of normal ˇ-cell capacity, and

G D f2.R; I/ (3.40)

where R is the degree of insulin resistance relative to normal. The simultaneous
equations can be solved to determine steady-state values of G and I as functions of
the parameters B and R (Turner et al. 1982).

Figure 3.18 shows the diagram of glucose and insulin fluxes as well as their
regulation in a dynamic feedback loop that has been used in the original HOMA
method. Plasma glucose and insulin concentrations are defined as functions of
ˇ-cell secretion, hepatic glucose production, and glucose utilization by peripheral
muscle, adipose tissue, and the nervous system. Basal plasma glucose concentration
is regulated by hepatic glucose production, which is dependent on insulin. Glucose
is produced in the liver, used by the brain, and taken up by the insulin-sensitive
tissues including muscle and adipose cells. Hepatic glucose production will decrease
as plasma glucose and insulin concentrations rise. Conversely, it will be stimulated
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Fig. 3.18 HOMA of insulin resistance and ˇ-cell function. Plasma glucose and insulin con-
centrations are functions of ˇ-cell secretion, hepatic glucose production, and peripheral glucose
utilization by muscle, adipose tissue, and the nervous system. Plasma glucose flux determines
ˇ-cell secretion from pancreas. ˇ-cell response, in turn, regulates plasma insulin level. Insulin
inhibits hepatic glucose production and accelerates glucose utilization by muscle, fat, and brain
cells. Hepatic glucose production regulates plasma glucose level. Glucose per se controls its
disposal into muscle, fat, and brain cells. Thus, plasma glucose and insulin concentrations are
determined by their interactions in a dynamic feedback loop. Dashed arrow represents modulation
of plasma glucose and insulin concentrations. Solid arrow represents glucose and insulin fluxes.
B = degree of ˇ-cell dysfunction. R = insulin resistance in liver, muscle, and fat cells. ˚ = increase,
� = decrease (Figure adapted from Turner et al. 1982)

with the increase in insulin resistance. Brain glucose uptake depends predominantly
only on plasma glucose concentration. Muscle glucose uptake, by contrast, is
determined by both the glucose and insulin concentrations. Its uptake will be
enhanced when plasma glucose and insulin concentrations rise. On the contrary,
it will decrease as insulin resistance increases (Turner et al. 1979, 1982; Hosker
et al. 1985).

Plasma insulin concentration, in turn, is dependent on ˇ-cell responses to
glucose. Thus, major determinant of insulin secretion rate in the basal state is
the plasma glucose concentration. Insulin is produced by ˇ-cells and its secretion
rate depends upon plasma glucose concentration. If insulin secretion by ˇ-cells is
reduced, basal plasma glucose level will increase. If ˇ-cell response at different
glucose concentrations is known, the degree of ˇ-cell deficiency corresponding
to any raised basal glucose level can be estimated. Conversely, increased insulin
resistance at the liver site will enhance hepatic glucose production and plasma
glucose concentration. Portal vein insulin levels will then rise until the increased
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glucose efflux is stabilized. Therefore, basal plasma insulin level is a function of the
degree of insulin resistance (Turner et al. 1979).

In the HOMA method, defects in insulin secretion are characterized by the
reduced maximal secretory response of insulin to glucose relative to normal ˇ-cell
sensitivity. Decreased ˇ-cell function is modeled by decreasing the ˇ-cell curve
proportionally for all plasma glucose concentrations. Insulin resistance is modeled
by proportionately decreasing the effect of plasma insulin concentrations at both
the liver and periphery (Turner et al. 1979, 1982; Hosker et al. 1985). The resulting
baseline plasma glucose and insulin concentrations are presented as a graph. The
degree of insulin resistance and ˇ-cell deficiency can be directly read off the graph
illustrated in Matthews et al. (1985).

In practical terms, simple equations for determining insulin resistance and ˇ-
cells function have been proposed by Matthews et al. (1985), producing the same
approximations as those described in the graph. The equations are as follows

HOMA-IR D Gb � Ib

22:5
(3.41)

HOMA-ˇ D 20 � Ib

Gb � 3:5
(3.42)

where

HOMA-IR D homeostasis model assessment of insulin resistance (dimen-
sionless)

HOMA-ˇ D homeostasis model assessment of ˇ-cell function (in %)
Gb D fasting plasma glucose concentration (in mmol=L)
Ib D fasting plasma insulin concentration (in �U=mL)

Both equations were used to interpret basal plasma glucose and insulin concen-
trations. Both HOMA-IR and HOMA-ˇ have been shown to be correlated with the
euglycemic clamp test (r D 0:88, P < 0:0001 and r D 0:61, P < 0:01, respectively)
(Matthews et al. 1985).

3.4.2.2 Postprandial Insulin Sensitivity

Postprandial insulin sensitivity was calculated using oral glucose minimal model
proposed by Caumo et al. (2000) and Dalla Man et al. (2002). Both methods are
used to derive SI from an oral test, i.e., a meal glucose tolerance test (MGTT) or an
OGTT. The model combines the classic minimal model of glucose kinetics with a
mathematical description of RaO released into the systemic circulation. The original
minimal model was first developed for quantification of insulin sensitivity during an
IVGTT (Bergman et al. 1979).
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Bergman’s Minimal Model In the Bergman’s minimal model as shown in
Fig. 3.19, glucose pool is illustrated as a single extracellular compartment. The
amount of glucose in the pool (i.e., plasma glucose concentration) is determined by
the difference between net hepatic glucose production and peripheral tissue glucose
uptake. Net hepatic glucose production, in turn, depends on the difference between
glucose production and glucose uptake. Glucose per se has the effects to promote
its disposal into the periphery and inhibit its production, represented respectively
by the rate parameters k1 and k5.

In this model, insulin is assumed to act from a compartment remote from
plasma (Sherwin et al. 1974; Insel et al. 1975; Zeleznik and Roth 1978). This
compartment could be bound insulin, insulin mediator, and/or the intracellular
metabolic effects of insulin. Plasma insulin first enters the remote active insulin
compartment with the rate parameter k2, and acts to accelerate peripheral glucose
disposal and inhibit net hepatic glucose production. This action, represented by the
respective rate parameters k4 and k6, is proportional to insulin concentration in the
remote compartment. The degradation rate of remote active insulin is represented
as k3, which might be related to recycling of insulin receptor, insulin mediator, and
insulin induced metabolic enzymes (Bergman et al. 1979, 1985).

OGTT/MGTT

Gastrointestinal Tract

Glucose
G

Uptake

Production

k5
k1

Liver
Periphery

Remote
Insulin

-

+

Plasma
Insulin
(I-I b)

k4k6

k2 k3

G(t)

IVGTT

Ra(t)

Fig. 3.19 Minimal model of glucose kinetics for estimation of insulin sensitivity from IVGTT and
OGTT/MGTT. Glucose Ra is determined by the injected glucose dose in IVGTT and by the oral
absorbed glucose in OGTT/MGTT. Plasma glucose is a balance of net hepatic glucose production
and peripheral glucose uptake. Glucose per se inhibits hepatic production and peripheral disposal.
k1 and k5 = rate parameters of glucose efficiency to promote disposal and inhibit production,
respectively. Plasma insulin enters the remote active compartment I0. From here, it acts to inhibit
hepatic glucose production and increase peripheral glucose uptake. k2 = rate parameter of insulin
distribution, binding kinetics, and insulin mediator generation. k3 = rate parameter of insulin
degradation or disappearance of effect. k4 and k6 = rate parameters of insulin efficiency to increase
glucose disposal and inhibit glucose production, respectively (Figure adapted from Caumo et al.
2000)
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The minimal model can be described in 2 equations

( PG.t/ D �Œp1 C X.t/� � G.t/ C p4

PX.t/ D �p2 � X.t/ C p3 � I.t/
(3.43)

The parameters p1, p2, p3, and p4 are the rate parameters, which depend on the
individual k’s illustrated in Fig. 3.19. The equations describe the glucose changes
over time G.t/ and the time dependent effect of dynamic insulin response X.t/. X.t/
is a measure of insulin action to promote glucose disposal and inhibit glucose pro-
duction, which is proportional to insulin concentration in the remote compartment.
The first equation describes that the glucose changes are dependent on glucose per
se Œp1G.t/� and on the interaction of glucose and remote insulin ŒX.t/G.t/�. Thus,
if there were no dynamic insulin response, net glucose Rd would depend on p1.
Therefore, p1 is a measure of glucose effect to enhance its own disappearance at
basal insulin independent of any increase in insulin (Bergman et al. 1979, 1985). SI

derived from this model has been demonstrated to be strongly correlated with the SI

estimated from euglycemic glucose clamp (r D 0:82, P < 0:005) (Finegood et al.
1984).

Caumo’s and Dalla Man’s Oral Glucose Minimal Model Oral glucose minimal
model proposed by Caumo et al. (2000) and Dalla Man et al. (2002) is equivalent to
the minimal model developed by Bergman et al. (1979). Caumo et al. and Dalla Man
et al. extended the original model by considering the absorption and appearance
of oral glucose in the systemic circulation. In the IVGTT model, glucose enters
directly into the systemic circulation, whereas during OGTT/MGTT glucose reaches
the circulation after absorption from gastrointestinal tract and passage through the
liver (Fig. 3.19). Taking RaO into account, the minimal model for oral glucose
administration becomes

( PG.t/ D �Œp1 C X.t/� � G.t/ C p1 � Gb C RaO.t/
V I G.0/ D Gb

PX.t/ D �p2 � X.t/ C p3 � ŒI.t/ � Ib�I X.0/ D 0
(3.44)

where

G.t/ D plasma glucose concentration with Gb denoting its basal value (in
mmol=L)

I.t/ D plasma insulin concentration with Ib denoting its basal value (in
pmol=L)

X.t/ D insulin action on glucose production and glucose disposal (in
min�1)

RaO.t/ D plasma oral glucose Ra (in �mol=kg=min)
V D glucose distribution volume (in mL=kg)
p1 D fractional glucose effectiveness measuring glucose ability per se to

promote glucose disposal and inhibit glucose production (in min�1)
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p2 D constant rate of the remote insulin compartment from which insulin
action is emanated (in min�1)

p3 D rate parameter governing the magnitude of insulin action (in min�2

per �U=mL)

From the model, SI can be calculated as follows

SI D p3

p2

(3.45)

In term of the rate parameters of the minimal model, the above ratio can be
expressed as

SI D k2.k4 C k6/

k3

(3.46)

The individual k’s, however, cannot be directly obtained from the IVGTT or the
MGTT/OGTT, but the values of p2 and p3 can be estimated. The SI value increases
proportionally to the rate parameters k2, k4, and k6. With increased k2, insulin will
be efficiently transported into the remote compartment. With increased k4 or k6,
insulin action will be enhanced. In contrast, when k3 increases, more insulin will be
degraded, consequently SI will be diminished (Bergman et al. 1985).

SI measures the overall effect of insulin to stimulate glucose disposal and inhibit
glucose production. SI is expressed as min�1 per �U=mL, i.e., fractional glucose
disappearance per insulin concentration unit. A SI of 0.00050 min�1 per �U=mL
means that for each 10 �U=mL increase in plasma insulin, there will be an increase
of 0.5 %=min in fractional glucose disappearance. The fractional SI per unit volume
can be calculated as

SI D p3

p2

� V (3.47)

where SI is the insulin sensitivity index in dL=kg�min per pmol=L. SI derived from
oral glucose minimal model is strongly correlated with the SI of tracer method
(r D 0:86, P < 0:0001) (Dalla Man et al. 2004) and the SI of euglycemic clamp
experiment (r D 0:81, P < 0:001) (Dalla Man et al. 2005).

Oral glucose minimal models of Caumo et al. and Dalla Man et al. are principally
similar. The difference between the both methods is the way how the SI is calculated.
Caumo et al. (2000) used an integral equation approach, whereas Dalla Man et al.
(2002) used the differential equations (Eq. 3.44) to solve SI .

In the ISO/SUC-Clamp Study, SI was calculated using the following procedure.
First, the postprandial RaO was estimated by calculating it using Eq. 3.32 for the
1-CM and Eq. 3.33 for the 2-CM. Subsequently, SI was calculated by solving the
differential equations (Eq. 3.44) and substituting the Eq. 3.45. The equation for
calculating SI becomes
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SI D 1

I.t/ � Ib

"
RaO.t/

V C p1 � Gb � PG.t/

G.t/
� p1

#
(3.48)

V was assumed to be 200 mL=kg (Basu et al. 2003), and p1 was assumed to be
0.014=min based on mean value reported for normal subjects (Best et al. 1996).

In the ISO-Protein Study, SI was calculated by means of plasma glucose and
insulin concentrations according to the approach of Caumo et al. (2000). The profile
pattern of RaO over time is assumed to be an anticipated version of plasma glucose
concentrations above their basal values. By using this assumption and integrating
the oral minimal model equations, the following expression for SI is obtained by
calculating AUC of the measured plasma glucose and insulin concentrations:

SI D
f � Doral

AUCŒ�G.t/=G.t/�
AUCŒ�G.t/� � SG � AUCŒ�G.t/=G.t/�

AUCŒ�I.t/�
(3.49)

When plasma glucose concentration falls below baseline, the equation becomes

SI D
f � Doral

AUCŒ�G.t/=G.t/�
t0
0 �AUCŒ�G.t/=G.t/�1t0

AUCŒ�G.t/�
t0
0 �AUCŒ�G.t/�1t0

� SG � AUCŒ�G.t/=G.t/�

AUCŒ�I.t/�
(3.50)

where

AUC D area under the curve, calculated from time 0 to the end of the test (in
mg=dL�min and pmol=L�min, respectively for glucose and insulin)

SG D fractional glucose effectiveness per unit distribution volume with
SG D p1V (in mL=kg�min)

G.t/ D plasma glucose concentration (in mg=dL)
�G.t/ D plasma glucose concentration above baseline with �G.t/ D G.t/ �

Gb (in mg=dL)
�I.t/ D plasma insulin concentration above baseline with �I.t/ D I.t/ � Ib

(in pmol=L)
f D fraction of ingested glucose that appears in the systemic circulation

(dimensionless)
Doral D dose of ingested carbohydrate per unit of body weight (in mg=kg)
t0 D time point when plasma glucose concentration crosses the baseline

level, which can be determined by linearly interpolating plasma
glucose concentrations that immediately precede and follow the
crossing of the baseline level (in min).

The difference between Eq. 3.50 and Eq. 3.49 is that the AUCs of �G=G and
�G are separately calculated in the intervals 0�t0 and t0�1, and the negative AUC
calculated in the interval t0�1 is subtracted from the positive AUC calculated in
the interval 0�t0. Prior to the calculation, the AUCs of plasma glucose and insulin
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concentrations were first determined by the trapezoidal method using GraphPad
Prism 5 (GraphPad Software, La Jolla, CA, USA). Subsequently, the AUCs were
integrated in the equation. SG was fixed at 0.024 dL=kg�min, and f was set at 0.8
(Caumo et al. 2000).

3.5 Statistics

3.5.1 Sample Size

For the ISO/SUC-Clamp Study, sample size calculation was based on the following
assumptions:

• Mean difference in blood glucose concentration expected to be >20 %
• A standard deviation of approximately 12 % with a two-sided type I error of 5 %
• A power of >90 %

Power calculation showed that at least 5 subjects were required in order to fulfill the
above criteria.

For the ISO-Protein Study, sample size was calculated using the results of a
previous Numico’s study in 10 healthy subjects. The following assumptions were
applied:

• Mean difference in glucose iAUC expected to be >30 %
• A standard deviation of approximately 55 % with a one-sided type I error of 5 %
• A power of >80 %

Power calculation showed that at least 15 subjects were needed.

3.5.2 Statistical Analysis

All data are expressed as mean ˙ SEM. The data normality was evaluated using
the Kolmogorov-Smirnov test. Comparisons between the tests at different time
points were analyzed by using two-way repeated measures analysis of variance
(ANOVA) with test and time as within-subject factors. If the sphericity assumption
for homogeneity of variances was violated, the Greenhouse-Geisser correction
was used.

For non-time-dependent variables, differences between ISO and SUC tests were
compared using paired t-test or Wilcoxon signed-rank test to analyze data set with
or without normality of distribution, respectively. For non-time-dependent variables,
differences between ISO, ISO+WS, and ISO+C tests were compared using one-way
repeated measures ANOVA or Friedman test to analyze data set with or without
normality of distribution, respectively. If the test revealed significant changes and
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the normality assumption was not violated, Bonferroni post-hoc test was further
applied for multiple comparisons between the drinks. For data set without normality
of distribution, Wilcoxon signed-rank test with Bonferroni correction was chosen as
post-hoc test for multiple comparisons between the drinks. Spearman’s correlation
coefficient (rs) was used to assess the relationship between insulin and amino acids.

Differences within the test at different time points were analyzed by using
one-way repeated measures ANOVA with Bonferroni post-hoc test for normally
distributed data set. For non-normal distributed data set, Friedman test was applied,
followed by Wilcoxon signed-rank test with Bonferroni correction. Analysis was
performed by using SPSS 16.0 (SPSS, Chicago, IL, USA). Differences between
means with an error probability of P < 0:05 were considered statistically significant.



Chapter 4
Results

4.1 Isomaltulose/Sucrose-Clamp Study

4.1.1 Subjects’ Characteristics

Eleven T2DM subjects were included in this study. There were 5 men and 6 women
aged between 40 and 65 years. Duration of diabetes was a mean of 5 years. They
were obese but had good glycemic control with HbA1c less than 53 mmol=mol
(7 %). Three of the subjects were under dietary regimen, and the remaining 8 were
treated with metformin. No other anti-diabetic medication was used. Metformin
administration was stopped 3 days prior to the tests. None of the subjects had
a history of unstable or untreated proliferative retinopathy, clinically significant
nephropathy, neuropathy, hepatic disease, heart failure, uncontrolled hypertension,
systemic treatment with corticosteroids, and insulin treatment. As determined by
the HOMA approach, subjects were insulin resistant and had a ˇ-cell function
of approximately 70 %. The characteristics of these subjects are summarized in
Table 4.1.

4.1.2 Plasma Glucose Concentrations

Plasma glucose concentrations were similar at baseline on both study days when
ISO or SUC was ingested (�7.5 mmol=L, P D 0:531). During insulin infusion,
basal plasma glucose concentrations decreased gradually, reaching euglycemic
levels �30 min prior to ingestion of ISO or SUC (both P < 0:01 vs. baseline). Sub-
sequently after administration of both disaccharides, plasma glucose concentrations
climbed to peak at �80 min and returned to pre-ingestion values by �240 min.

At several time points as illustrated in Fig. 4.1, plasma glucose concentrations
were lower after ISO versus SUC consumption (P < 0:001), with a �25 %
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Table 4.1 Subjects’
characteristics

Number of subjects 11

Sex (female/male) 6/5

Age (years) 53.7 ˙ 2.5

Body weight (kg) 90.1 ˙ 4.6

Height (m) 1.7 ˙ 0.0

BMI (kg=m2) 31.6 ˙ 1.3

HbA1c (mmol=mol) 49.9 ˙ 1.0

HbA1c (%) 6.7 ˙ 0.1

Fasting plasma glucose level (mmol=L)a; b 7.5 ˙ 0.2

Fasting plasma insulin level (pmol=L)a; c 103.0 ˙ 14.8

HOMA-IRd 5.0 ˙ 0.8

HOMA-ˇ (%) 73.9 ˙ 9.0

Diabetes duration (years) 4.6 ˙ 0.8

Treatment (diet/metformin) 3/8

Diet (female/male) 2/1

Metformin (female/male) 4/4

Data are mean ˙ SEM
aValues prior to the start of hyperinsulinemic-euglycemic
clamp and ingestion of ISO or SUC
bMeasurement was in mg=dL and converted to mmol=L by
dividing by 18
cMeasurement was in mU=L and converted to pmol=L by
multiplying by 6.945
dA cut-off value of >2.6 is considered insulin resistance
(Ascaso et al. 2003)

ISO SUC

Level (mmol/L)
Basal, -180 min 7.5±0.2 7.4±0.2
Prior load, 0 min 5.0±0.1 4.9±0.1
Peak
Mean, 0− 240 min

6.8±0.1
5.8±0.1

9.1±0.1 **

6.5 ±0.1 ***

Time (min)
Peak 83.2±7.9    76. 4±2.4

iAUC (mmol/L·min)
0−240 min 228. 4±24.5 421. 7±36.3 **
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Fig. 4.1 Plasma glucose concentrations prior to and after ingestion of [1-13C]ISO or [1-13C]SUC
in 11 T2DM subjects. A significant test effect (P < 0:001) and test � time interaction (P < 0:001)
were found. Data are mean ˙ SEM. ���P < 0:001, ��P < 0:01 ISO vs. SUC

lower peak after the ISO load (P D 0:003). Consequently, mean plasma glucose
concentration was significantly lower following ISO ingestion than that following
SUC ingestion (P < 0:001). Plasma glucose response, iAUC, was �45 % lower
after ISO compared with SUC intake (P D 0:001).
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4.1.3 Plasma Hormone Concentrations

4.1.3.1 Insulin

Plasma insulin concentrations were similar at baseline between the study days
on which ISO or SUC was ingested (�100 pmol=L, P D 0:061). During the
pre-ISO or pre-SUC bolus, basal plasma insulin concentrations were increased
�3.5-fold (both P < 0:01 vs. baseline), reaching a steady-state value �30 min
before both disaccharides loads (�350 pmol=L, P D 0:306). As shown in Fig. 4.2,
plasma insulin concentrations increased further subsequent to administration of
SUC, attained a peak at �80 min, and returned thereafter to preload value by
�240 min.

ISO SUC

Level (pmol/L)
Basal, -180 min 100. 3± 15.7 105. 7±13.9
Prior load, 0 min 352. 4± 9.0 355. 8±7.5
Peak 389. 5 ± 7.7 479. 8±6.9 ***

Mean, 0−240 min 371. 6± 7.1 413. 3±6.5 ***

Time (min)
Peak 113. 2± 8.7 79. 1±5.0 *

iAUC (pmol/L·min)
0−240 min 4878. 5± 883.3 14685. 5±1223.4 ***
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Fig. 4.2 Plasma insulin concentrations prior to and after ingestion of [1-13C]ISO or [1-13C]SUC
in 11 T2DM subjects. A significant test effect (P < 0:001) and test � time interaction (P < 0:001)
were found. Data are mean ˙ SEM. ���P < 0:001, �P < 0:05 ISO vs. SUC

Plasma insulin concentrations increased slightly but significantly from the pre-
load value following ISO ingestion (P < 0:001) and returned to pre-ingestion
values by �240 min. Compared with SUC, plasma insulin levels were overall
lower following ISO ingestion and reached a �20 % lower peak (P < 0:001)
approximately 30 min later (P D 0:015). As a result, mean plasma insulin level
was significantly lower after ISO ingestion than after SUC ingestion (P < 0:001).
Accordingly, plasma insulin response was �65 % lower after administration of ISO
versus SUC (P < 0:001).

4.1.3.2 C-Peptide

The time course of plasma C-peptide concentrations prior to and after ISO or SUC
load is shown in Fig. 4.3. Baseline plasma C-peptide concentrations were identical
on both study days when ISO or SUC was ingested (�1 nmol=L, P D 0:372). As a
consequence of insulin infusion, basal plasma C-peptide levels declined similarly
by 60 % during the pre-ISO or pre-SUC bolus (both P < 0:01 vs. baseline).
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ISO SUC

Level (nmol/L)

Basal, -180 min 1.0±0.1  1.0 ±0.1
Prior load, 0 min 0.4±0.0  0.4 ±0.0
Peak 0.6±0.0  0.8 ±0.0 **

Mean, 0−240 min  0.5±0.0 0.6 ±0.0 ***

Time (min)
Peak 99.5±7.1 98.2 ±5.1

iAUC (nmol/L·min)
0−240 min 22.8±3.2 47.4 ±5.2 ***
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Fig. 4.3 Plasma C-peptide concentrations prior to and after ingestion of [1-13C]ISO or
[1-13C]SUC in 11 T2DM subjects. A significant test effect (P < 0:001) and test � time interaction
(P < 0:001) were found. Data are mean ˙ SEM. ���P < 0:001, ��P < 0:01 ISO vs. SUC

Subsequently after consumption of one of the disaccharides, plasma C-peptide
concentrations increased again (both P < 0:001 vs. preload values), reached a zenith
at �100 min, and returned to preload values by �240 min.

At several time points, plasma C-peptide levels were lower after ISO ingestion
(P < 0:001), with a 25 % lower peak compared with SUC intake (P D 0:003).
Consequently, mean plasma C-peptide level was significantly lower after adminis-
tration of ISO compared with SUC (P < 0:001). Plasma C-peptide response was
accordingly �50 % lower following ISO versus SUC bolus (P < 0:001).

4.1.3.3 Glucagon

Figure 4.4 shows the time course of plasma glucagon concentrations prior to and
after ingestion of ISO or SUC. Plasma glucagon levels were similar at baseline on
both study days when ISO or SUC was ingested (�30 pmol=L, P D 0:371). During
insulin infusion, baseline plasma glucagon concentrations declined by �45 % to

ISO SUC

Level (pmol/L)
Basal, -180 min 34.4±6.8 33.6±7.2
Prior load, 0 min 18 .8±1.0 17.9±1.4
Peak 26.5±1.7 38.4 ±2.4 **

Mean, 0−240 min 21.0±1.1 27.3±1.8 ***

Time (min)
Peak 91.4±5.9 76.4±6.5

iAUC (pmol/L·min)
0−240 min 653. 6±67.1 2394. 5±161.7 ***
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Fig. 4.4 Plasma glucagon concentrations prior to and after ingestion of [1-13C]ISO or [1-13C]SUC
in 11 T2DM subjects. A significant test effect (P < 0:001) and test � time interaction (P < 0:001)
were found. Data are mean ˙ SEM. ���P < 0:001, ��P < 0:01 ISO vs. SUC
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similar levels prior to ingestion of ISO or SUC (both P < 0:01 vs. baseline).
Following administration of each disaccharide, plasma glucagon levels increased
again from the preload values (both P < 0:001), reaching their zenith between 75
and 90 min and subsequently returned to preload values by �240 min. During this
4-h postprandial period, plasma glucagon levels were lower (P < 0:001); peak level
was �30 % lower after ISO versus SUC bolus (P D 0:003). Thus, mean plasma
glucagon concentration was consequently lower following administration of ISO as
opposed to SUC (P < 0:001). Further, plasma glucagon response was significantly
diminished by �70 % following ISO intake compared with that observed following
the SUC load (P < 0:001).

4.1.3.4 Glucagon-Like Peptide-1

Plasma GLP-1 concentrations were similar at baseline prior to the initiation of
insulin infusion on both study days when oral ISO or SUC was administered
(�10 pmol=L, P D 0:304). During insulin infusion, plasma GLP-1 concentrations
did not change significantly from the baseline levels on both ISO and SUC study
days (P D 0:185 and P D 0:212, respectively), and therefore remained similar
prior to ingestion of both disaccharides (P D 0:635). After carbohydrate intake as
depicted in Fig. 4.5, plasma GLP-1 concentrations were enhanced, first ascended to
a maximum at �90 min, and then decreased progressively toward preload values by
�240 min. Overall, plasma GLP-1 levels were higher after ISO ingestion than after
SUC administration (P < 0:001); the peak level was approximately 2-fold greater
after ISO compared with SUC load (P < 0:001). Accordingly, mean plasma GLP-1
concentration was higher following ISO versus SUC ingestion (P < 0:001). Plasma
GLP-1 responses followed a similar pattern as mean values, with a �170 % increase
after the ISO bolus (P < 0:001).

ISO SUC

Level (pmol/L)
Basal, -180 min 11.2±2.4 10.3±2.2
Prior load, 0 min 8.5±1.0 8.1±1.0
Peak 32.4±2.6 17.9±1.0 ***

Mean, 0−240 min 20.3±1.3 12.4±0.9 ***

Time (min)
Peak 92.7±4.4 92.7±7.0

iAUC (pmol/L·min)
0−240 min 3024.3±304.3 1114.2±151.5 ***
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Fig. 4.5 Plasma GLP-1 concentrations prior to and after ingestion of [1-13C]ISO or [1-13C]SUC
in 11 T2DM subjects. A significant test effect (P < 0:001) and test � time interaction (P < 0:001)
were found. Data are mean ˙ SEM. ���P < 0:001 ISO vs. SUC
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4.1.3.5 Glucose-Dependent Insulinotropic Peptide

Baseline plasma GIP concentrations did not differ from each other between the
study days when oral ISO or SUC was administered (�30 pmol=L, P D 0:753). As
with GLP-1 hormone, secretion of GIP was not affected by insulin infusion alone
and remained constant on both ISO and SUC study days (P D 0:169 and P D 0:067

vs. baseline, respectively). Therefore, plasma GIP levels were similar prior to
ingestion of the disaccharides (P D 0:248). Subsequently after SUC intake, plasma
GIP levels increased from the preload value (P < 0:001), reached a maximum at
�90 min, and then returned again to the pre-ingestion level by �240 min. A slight
but significant increase in plasma GIP concentrations was observed following ISO
intake (P < 0:001). As shown in Fig. 4.6, plasma GIP concentrations were overall
lower during the 4-h postprandial period following ISO ingestion compared with
those following SUC ingestion (P < 0:001); peak level was �22 % lower after
the ISO load (P D 0:002). Accordingly, mean GIP concentration was lower after
ISO versus SUC bolus (P D 0:021). Plasma GIP response was diminished by
approximately 80 % following the ISO load (P D 0:003).

ISO SUC

Level (pmol/L)
Basal, -180 min 32.9±3.6 32.8±3.8
Prior load, 0 min 27.3±1.3 26.3±1.7
Peak 30.7±1.3 39.1±2.7 **

Mean, 0−240 min  28.1±1.3 31.5±2.0 *

Time (min)
Peak 85.9±9.5 92.7±6.7

iAUC (pmol/L·min)
0−240 min 287.2±80.2 1337.8±255.2 **
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Fig. 4.6 Plasma GIP concentrations prior to and after ingestion of [1-13C]ISO or [1-13C]SUC in
11 T2DM subjects. A significant test effect (P D 0:036) and test � time interaction (P < 0:001)
were found. Data are mean ˙ SEM. ��P < 0:01, �P < 0:05 ISO vs. SUC

4.1.4 Breath 13CO2

Breath 13CO2 excretion, an indicator for substrate oxidation, was similar at baseline
on both study days prior to insulin infusion and ISO or SUC load (P D 0:234).
As shown in Fig. 4.7, breath 13CO2 excretion expectedly remained constant under
hyperinsulinemic condition and did not differ between the days prior to ingestion of
ISO or SUC (P D 0:206). After ISO consumption, breath 13CO2 increased slowly
up to above the pre-ingestion value and was significantly higher after 45 min of
ingestion compared to the preload level (P < 0:05). In contrast, a significant rise
was already observed after 15 min ingestion of SUC (P < 0:05 vs. preload value).
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ISO SUC

Level (‰)
Basal, -180 min -3.5±0.8   -3.1±0.7
Prior load, 0 min -2.6±0.7 -2.3±0.7
Peak 71.2±4.3 83.9±1.1 **

Mean, 0−240 min 36.4±2.6 50.7±1.6 ***

Time (min)
Peak 175.9±9.3 100.9±2.1 **
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Fig. 4.7 Breath ı13CO2 excretion prior to and after ingestion of [1-13C]ISO or [1-13C]SUC in 11
T2DM subjects. A significant test effect (P < 0:001) and test � time interaction (P < 0:001) were
found. Data are mean ˙ SEM. ���P < 0:001, ��P < 0:01 ISO vs. SUC

As a result, peak breath 13CO2 occurred approximately 75 min later after ingestion
of ISO as opposed to SUC (P D 0:003), with a �15 % lower value after the ISO
bolus (P D 0:003). Mean breath 13CO2 level was �28 % lower after ISO compared
with SUC intake (P < 0:001).

4.1.5 Glucose Infusion Rates

Glucose infusion increased slightly during insulin infusion to similar rates prior
to ingestion of ISO or SUC (�14 �mol=kg=min, P D 0:722). After ISO or SUC
load as depicted in Fig. 4.8, the exogenous GINF decreased significantly from the
preload values between 30 and 45 min of post-ingestion (both P < 0:05) in order
to compensate for the incoming oral absorbed glucose that was released into the
systemic circulation. Approximately after �90 min of both disaccharides ingestion,
the GINF decreased to its nadir rate, which was lower after the SUC load than after

ISO SUC

Rate (mmol/kg/min)
Basal, -180 min 1.1±0.2  1.0±0.2
Prior load, 0 min 14.2±0.3 14. 2±0.3
Nadir 3.3±0.1 1.4±0.1 ***

Mean, 0−240 min  9.9±0.1 10. 2±0.2
Time (min)

Nadir 88. 6±3.8 87. 3±2.7
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Fig. 4.8 GINF rates prior to and after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM
subjects. No significant test effect (P D 0:250) but a significant test � time interaction (P < 0:001)
was found. Data are mean ˙ SEM. ���P < 0:001 ISO vs. SUC
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the ISO load (P < 0:001), and subsequently increased again to preload values.
A prolonged period of time was observed in ISO for returning to the prior preload
GINF compared with SUC (193.6 ˙ 5.5 vs. 158.2 ˙ 6.2 min, P D 0:005), indicating
a slower absorption of ISO.

4.1.6 Plasma Glucose Turnover

4.1.6.1 [6,6-2H2]glucose and [13C]glucose Tracer-to-Tracee Ratios

Plasma [6,6-2H2]glucose TTR increased continuously to approach a steady-state
value close to 2.2 % during the 3 h after the start of the primed-constant infusion
and before the administration of ISO or SUC. After ISO or SUC load, plasma [6,6-
2H2]glucose TTR decreased to a minimum value at �75 min but was lower after the
SUC bolus (P < 0:001), and increased again to near preload values by the end of
the experiment (Fig. 4.9). Overall, the decrements in TTR were more pronounced
following administration of SUC (P < 0:001 vs. ISO). Consequently, mean TTR
value was significantly greater after ISO compared with SUC consumption (P <

0:001).

ISO SUC

Level (%)
Prior load, 0 min 2.2±0.0  2.2±0.0
Nadir 1.3±0.0  0.6±0.0 ***

Mean, 0−240 min  1.8±0.0  1.6±0.0 ***

Time (min)
Nadir 79.1±2.1 73.6±1.4
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Fig. 4.9 Plasma [6,6-2H2]glucose TTR prior to and after ingestion of [1-13C]ISO or [1-13C]SUC
in 11 T2DM subjects. A significant test effect (P < 0:001) and test � time interaction (P < 0:001)
were found. Data are mean ˙ SEM. ���P < 0:001 ISO vs. SUC

Soon after ingestion of [1-13C]ISO or [1-13C]SUC, plasma [13C]glucose TTR
increased from zero and reached a maximum value at a later time point after the
ISO load compared with the SUC load (P D 0:014), and then declined progressively
to near zero by the end of the experiments (Fig. 4.10). Plasma [13C]glucose TTRs
were overall lower during the first 2 h following ISO versus SUC consumption (P <

0:001), with a �30 % lower peak following the ISO bolus (P D 0:003).
Figure 4.11 shows both plasma [6,6-2H2]glucose and [13C]glucose concentra-

tions that were estimated from their respective TTRs following consumption of
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ISO SUC

Level (%)
Prior load, 0 min 0.0±0.0  0.0±0.0
Peak 1.9±0.0 2.8±0.1 **

Mean, 0−240 min 1.1±0.1  1.1±0.1
Time (min)

Peak 83.2±5.1 69.5±2.3 *
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Fig. 4.10 Plasma [13C]glucose TTR prior to and after ingestion of [1-13C]ISO or [1-13C]SUC in
11 T2DM subjects. No significant test effect (P D 0:482) but a significant test � time interaction
(P < 0:001) were found. Data are mean ˙ SEM. ��P < 0:01, �P < 0:05 ISO vs. SUC

[6,6 -2H2]glucose [13C]glucose

ISO SUC ISO SUC

Prior load level, 0 min (mmol/L)   0.11 ±0.00 0.11 ±0.00 0.00±0.00 0.00± 0.00
Peak/nadir level (mmol/L) 0.09 ± 0.00 0.05 ± 0.00 *** 0.12± 0.00 0.24 ±0.01***

Peak/nadir time (min) 75.0 ± 2.0  72.3± 1.8 81. 8± 5.1  72.3± 1.8

Mean level,0−240 min (mmol/L) 0.10 ± 0.00 0.09 ±0.00 ** 0.06 ±0.00 0.09 ±0.01 ***
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Fig. 4.11 Plasma [6,6-2H2]glucose and [13C]glucose concentrations after ingestion of [1-13C]ISO
or [1-13C]SUC in 11 T2DM subjects. A significant test effect (P D 0:002) and test � time
interaction (P < 0:001) were found for plasma [6,6-2H2]glucose concentrations. Similarly, a
significant test effect (P < 0:001) and test � time interaction (P < 0:001) were found for plasma
[13C]glucose concentrations. Data are mean ˙ SEM. ���P < 0:001, ��P < 0:01 ISO vs. SUC

ISO or SUC. As with plasma [6,6-2H2]glucose TTRs, plasma tracer concentrations
decreased similarly to a minimum value at approximately 75 min after each
disaccharide load but was �45 % lower after the SUC bolus (P < 0:001), and
increased again to a value near the preload level between 180 and 240 min. Mean
[6,6-2H2]glucose level was significantly higher after administration of ISO as
opposed to SUC (P D 0:002), indicating overall lower glucose turnover rates
following ISO ingestion.
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In contrast to the decrement of plasma [6,6-2H2]glucose concentrations following
ingestion of both disaccharides, plasma [13C]glucose concentrations increased
immediately as expected, reaching a peak at approximately 75 min, and thereafter
returned over time to zero by the end of the postprandial period. Peak level after
the ISO bolus was half of that observed following the SUC load (P < 0:001).
Although plasma [13C]glucose concentrations followed a similar pattern to the
plasma TTRs, the difference in the peak level between ISO and SUC was greater
compared to the difference in the peak TTR (�50 % vs. �30 %). At several
time points, plasma [13C]glucose concentrations were lower during the first 2 h
after intake of ISO compared with SUC (P < 0:001). Mean [13C]glucose level
during the 4-h postprandial period was significantly lower after ISO as opposed to
SUC administration (P < 0:001). Both plasma [6,6-2H2]glucose and [13C]glucose
concentrations were used in the estimation of postprandial glucose kinetics after
administration of ISO or SUC.

4.1.6.2 Total Glucose Rates of Appearance

Plasma glucose RaT was comparable in all subjects prior to administration of each
disaccharide (�9 �mol=kg=min, P D 0:790). As illustrated in Fig. 4.12, after ISO
load, glucose RaT rose steadily and reached a plateau at �60 min before returning
toward the preload value between 210 and 240 min. After SUC load, glucose RaT
began to rise immediately, peaking at �60 min, and soon returned to the preload
rate by �150 min. During the 4-h postprandial period, glucose RaT increased
significantly (P < 0:001) albeit to lower rates after ISO ingestion, and reached a
�65 % lower peak compared with SUC (P < 0:001). Consequently, a �35 % lesser
amount of total glucose appeared in the systemic circulation after ISO versus SUC
administration (P D 0:003).

ISO SUC

Rate (mmol/kg/min)
Prior load, 0 min 9.1±0.3  8.7±0.4
Peak 22.5± 1.2  63.8±2.2 ***

Mean, 0−240min 13.2±0.6 19.8±0.8 ***

Time (min)
Peak 62.7±1.8 61.4±1.4

Total amount (g)

0−240min 53.5±0.8 80.1±1.3 **
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Fig. 4.12 Glucose RaT after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects.
A significant test effect (P < 0:001) and test � time interaction (P < 0:001) were found for glucose
RaT calculated with the 2-CM approach using a constant pV of 130 mL=kg. Data are mean ˙ SEM.
���P < 0:001, ��P < 0:01 ISO vs. SUC
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4.1.6.3 Oral Glucose Rates of Appearance

Figure 4.13 shows the time course of plasma glucose RaO after ingestion of ISO
or SUC during the 4-h postprandial period. Glucose RaO increased significantly
after intake of both disaccharides (P < 0:001), accelerating to a maximum value at
�60 min. Thereafter, the rates decelerated over time to near zero but approximately
50 min later following ISO load compared with the SUC load (P D 0:005),
indicating a slower ISO absorption rate. Overall, glucose RaO values were lower
after ingestion of ISO than after intake of SUC during the first 2 h. The peak
rate following ISO bolus was more than half of that observed following the SUC
load (P < 0:001). Thus, mean glucose RaO was significantly lower after ISO
consumption compared with that following SUC administration (P < 0:001).
Accordingly, a �25 % lesser amount of glucose derived from ISO reached the
systemic circulation compared with SUC (P < 0:001).

ISO SUC

Rate (mmol/kg/min)
Prior load, 0 min 0.0±0.0    0.0±0.0
Peak 17.0±0.6 35.3±1.1 ***

Mean, 0−240 min 7.6±0.5 10.0±0.4 ***

Time (min)
Peak 68.2±3.7  61.4±1.4
End of absorption 211.4±3.2 160. 9±8.8 **

Total amount (g)

0−240 min 30.6±1.3  40.8±1.9 ***
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Fig. 4.13 Glucose RaO after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects.
A significant test effect (P < 0:001) and test � time interaction (P < 0:001) were found for
glucose RaO calculated with the 2-CM approach using a constant pV of 130 mL=kg. Data are
mean ˙ SEM. ���P < 0:001, ��P < 0:01 ISO vs. SUC

4.1.6.4 Endogenous Glucose Production

EGP was comparable in all subjects prior to ingestion of ISO or SUC (�8 �mol-
=kg=min, P D 0:790). After ISO bolus as depicted in Fig. 4.14, EGP decreased
to a nadir close to zero at approximately 120 min (P < 0:01 vs. preload value),
and thereafter returned to the preload rate between 180 and 240 min. In contrast,
EGP increased initially to a peak following �60 min of SUC intake (P < 0:01

vs. preload value), soon decreased to near zero between 90 and 105 min, and then
rose again to near preload value by �180 min. Accordingly, mean EGP during the
4-h postprandial period was significantly lower after ISO load than after the SUC
load (P < 0:001). Total amount of EGP was nearly doubled after intake of SUC
compared with ISO (P < 0:001).
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ISO SUC

Rate (mmol/kg/min)
Prior load, 0 min 8.6±0.3  8.2±0.4
Peak/nadir 0.0±0.4 28.5±1.6 ***

Mean, 0− 240 min 5.3±0.4  9.4±0.7 ***

Time (min)
Peak/nadir 111. 8±5.8 62.7±1.8 **

Total amount (g)

0−240 min 21.3±1.1 37.7±2.4 ***
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Fig. 4.14 EGP after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects. A significant
test effect (P < 0:001) and test � time interaction (P < 0:001) were found for EGP calculated with
the 2-CM approach using a constant pV of 130 mL=kg. Data are mean ˙ SEM. ���P < 0:001,
��P < 0:01 ISO vs. SUC

4.1.6.5 Total Glucose Rates of Disappearance

The time course of plasma glucose RdT after ingestion of both disaccharides
is shown in Fig. 4.15, which followed a similar pattern to that of glucose RaT.
Prior to ingestion, glucose RdT was similar on both ISO and SUC study days
(�9 �mol=kg=min, P D 0:790). Glucose RdT increased after the SUC load (P <

0:001), peaking at �60 min, and decreased thereafter to near preload values by
180 and 240 min. Following ISO bolus, glucose RdT also increased significantly
(P < 0:001), reaching a maximum value at a later time point (�75 min, P D 0:033),
and returned to the preload values by the end of the postprandial period.

ISO SUC

Rate (mmol/kg/min)
Prior load, 0 min 9.1±0.3  8.7±0.4
Peak 20. 0±1.3  57.8±2.4 ***

Mean, 0−240 min 13.3±0.6 19. 8±0.8 ***

Time (min)
Peak 73.6±3.2 62. 7±1.8 *

Total amount (g)

0−240 min 53.7±0.9 80. 3±1.4 ***
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Fig. 4.15 Glucose RdT after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects.
A significant test effect (P < 0:001) and test � time interaction (P < 0:001) were found for glucose
RdT calculated with the 2-CM approach using a constant pV of 130 mL=kg. Data are mean ˙ SEM.
���P < 0:001, �P < 0:05 ISO vs. SUC

Overall, the rates were lower after ISO ingestion compared with those following
SUC ingestion (P < 0:001), with a �65 % lower peak after the ISO bolus (P <

0:001). As a result, mean glucose RdT was significantly lower after ISO versus SUC
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intake (P < 0:001). During the 4-h postprandial period, the magnitude of oral and
endogenous glucose entering the systemic circulation was reduced after ISO versus
SUC bolus. Accordingly, approximately 27 g lesser quantity of glucose needed to
be disposed from the systemic circulation after the ISO load (P < 0:001).

4.1.6.6 Splanchnic Glucose Uptake

Subjects consumed an average amount of 90.1 ˙ 4.6 g of ISO or SUC. Since ISO
and SUC consist of 50 % glucose and 50 % fructose, oral glucose load is equivalent
to half of the amount of ISO or SUC ingested. This corresponded to a total load
of 45.0 ˙ 2.3 g of oral glucose. Of these, approximately 70 % or 90 % reached the
systemic circulation respectively after ISO or SUC intake. Accordingly, SGU was
enhanced after ISO compared with SUC administration (Table 4.2, P D 0:003).

Table 4.2 SGU after
ingestion of [1-13C]ISO or
[1-13C]SUC in 11 T2DM
subjects

ISO SUC

SGU (g) 14.5 ˙ 2.5 4.3 ˙ 2.0��

SGU (%) 30.6 ˙ 4.3 8.3 ˙ 3.7��

Data are mean ˙ SEM
��P < 0:01 ISO vs. SUC

4.1.6.7 One-Compartment Versus Two-Compartment Models

Figures 4.16, 4.17, 4.18, and 4.19 show the changing patterns of glucose RaT,
glucose RaO, EGP, and glucose RdT estimated by the 1-CM and 2-CM approaches
using a constant pV of 130 mL=kg, respectively. Both models provided a similar
changing pattern for all parameters. However, estimates using 1-CM were overall
lower than those calculated with the 2-CM, being more pronounced following the
SUC load.

As depicted in Fig. 4.16, glucose RaT reached a �15–20 % lower peak following
administration of both disaccharides when calculated with the 1-CM (P < 0:001

vs. 2-CM). With the 2-CM method, both mean rate and total amount of glucose
appeared in the systemic circulation during the 4-h postprandial period were
significantly higher than those calculated using the 1-CM, either after ingestion of
ISO or SUC (P < 0:05).

Similar to the glucose RaT profile, glucose RaO attained an approximately
10–15 % lower maximum value after ingestion of the disaccharides when estimated
using the 1-CM approach compared with the 2-CM method (P < 0:001, Fig. 4.17).
Moreover, during the 4-h postprandial period, mean rate of oral glucose appearance
as well as the cumulative amount of oral glucose originating from each disaccharide
were significantly underestimated using the 1-CM (P < 0:001 vs. 2-CM).

Calculation of EGP using the 1-CM approach, again, resulted in a significant
underestimation of the peak value by approximately 28 % following administration
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ISO SUC

1-CM 2-CM 1-CM 2-CM

Peak rate (mmol/kg/min)               19.6 ±1.1 22.5 ±1.2 *** 50.6 ±2.0 63.8 ±2.2***

Mean rate, 0−240 min (mmol/kg/min) 13. 1±0.6 13.2± 0.6 ** 19.0 ±0.7 19.8 ±0.8 ***

Total amount, 0−240 min (g) 53. 1±0.9 53.5± 0.8 * 76.8 ±1.2 80.1±1.3***
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Fig. 4.16 Comparison of glucose RaT calculated using 1-CM and 2-CM approaches after
ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects. For both models, glucose RaT was
calculated using a constant pV of 130 mL=kg. Data are mean ˙ SEM. ���P < 0:001, ��P < 0:01,
and �P < 0:05 1-CM vs. 2-CM

ISO SUC

1-CM 2-CM 1-CM 2-CM

Peak rate (mmol/kg/min) 15.6 ±0.5 17.0 0.6 *** 29.9 ±1.0 35.3 ±1.1***

Mean rate, 0−240min (mmol/kg/min) 7.4±0.5 7.6 0.5 *** 9.6±0.4 10.0±0.4***

Total amount, 0−240 min (g) 30. 1±1.3 30.6

±
±
±1.3*** 39.1 ±1.9 40.8±1.9***
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Fig. 4.17 Comparison of glucose RaO calculated using 1-CM and 2-CM approaches after
ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects. For both models, glucose RaO was
calculated using a constant pV of 130 mL=kg. Data are mean ˙ SEM. ���P < 0:001 1-CM vs.
2-CM

of SUC (P < 0:001 vs. 2-CM, Fig. 4.18). The 1-CM indicated that a smaller
quantity of endogenous glucose was released into the systemic circulation during
the 4-h postprandial period than the 2-CM approach (P < 0:001). Mean EGP
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ISO SUC

1-CM 2-CM 1-CM 2-CM

Peak rate (mmol/kg/min) 0.3±0.4  0.0±0.4   20. 6±1.4 28.5 ±1.6 ***

Mean rate, 0−240 min (mmol/kg/min)  5.3±0.4  5.3±0.4 9.0±0.7  9.4±0.7 ***

Total amount, 0−240 min (g) 21. 3±1.2 21.3 ±1.1 36. 1±2.2 37.7 ±2.4 ***
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Fig. 4.18 Comparison of EGP calculated using 1-CM and 2-CM approaches after ingestion of
[1-13C]ISO or [1-13C]SUC in 11 T2DM subjects. For both models, EGP was calculated using a
constant pV of 130 mL=kg. Data are mean ˙ SEM. ���P < 0:001 1-CM vs. 2-CM

ISO SUC

1-CM 2-CM 1-CM 2-CM

Peak rate (mmol/kg/min) 17.8 ±1.1 20.0 1.3 *** 44.5 ±2.2 57.8 ±2.4***

Mean rate, 0−240 min (mmol/kg/min) 13. 2±0.6 13.3 0.6 ** 19.0 ±0.8 19.8 ±0.8 ***

Total amount, 0−240 min (g) 53. 3±0.9 53.7

±
±
± 0.9 ** 77.0 ±1.2 80.3±1.4***
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Fig. 4.19 Comparison of glucose RdT calculated using 1-CM and 2-CM approaches after
ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects. For both models, glucose RdT was
calculated using a constant pV of 130 mL=kg. Data are mean ˙ SEM. ���P < 0:001, ��P < 0:01

1-CM vs. 2-CM

value followed the same pattern as the total amount (P < 0:001). In contrast, EGP
estimations by the 1-CM and 2-CM were comparable after ingestion of ISO.

Consistent with the results of glucose RaT, approximately 10 % and 20 % higher
peak values of glucose RdT were observed respectively following ISO and SUC
loads when calculated using the 2-CM versus the 1-CM (P < 0:001, Fig. 4.19).
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With the 2-CM, both mean rate and total amount of glucose leaving the systemic
circulation during the 4-h postprandial period were significantly higher than those
calculated using the 1-CM (P < 0:01).

Consistent with these results, a previous study using triple-tracer technique also
indicated that the 1-CM approach underestimates postprandial glucose fluxes (Basu
et al. 2003). Thus, the 2-CM is more accurate for calculation of glucose kinetics
than the 1-CM under non-steady-state condition.

4.1.6.8 Fractional [6,6-2H2]glucose Rates of Disappearance

Infusion of [6,6-2H2]glucose tracer allows calculation of the fractional disappear-
ance rates of [6,6-2H2]glucose, which can be estimated from the mass balance
equation of the tracer itself. When calculated with the 1-CM approach using a con-
stant pV of 130 mL=kg, the fractional clearance rates of [6,6-2H2]glucose, denoted
by k01;2H in Fig. 4.20 (left panel), decreased immediately following ingestion of ISO
and reached a nadir between 90 and 120 min. By the end of the period between 180
and 240 min, the previous load rate was reached again. Since [6,6-2H2]glucose tracer
was used to trace the systemic glucose turnover, it was assumed that k01;2H should
follow the profile pattern of systemic glucose Rd as defined by the ratio of plasma
glucose-to-insulin concentration multiplied by a constant factor (Best et al. 1981).
The result showed that the systemic glucose Rd for the reference of k01;2H (ref) had
a different changing pattern following the ISO load. In contrast to the estimates
using the 1-CM, the k01;2H reference began to accelerate soon after ingestion of ISO
and reached a plateau before returning to the preload rate by the end of the 4-h
postprandial period.
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Fig. 4.20 Fractional k01;2H after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects.
k01;2H was calculated using the 1-CM approach with a constant pV of 130 mL=kg and using the
assumption that k01;2H follows the profile pattern of systemic glucose Rd , denoted as reference
(ref). Data are mean ˙ SEM

Figure 4.20 (right panel) shows that during the first hour following ingestion of
SUC, the fractional k01;2H calculated with the 1-CM and fixed pV rose steadily,
subsequently decreased to a minimum value by 90 min, and increased again
continuously to reach the prior ingestion rate by 240 min. In contrast, k01;2H
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reference increased gradually to reach a peak by 75 min, and returned slowly to
the preload rate by the end of the 4-h period.

Thus, the above results indicate that calculation with the 1-CM approach and a
constant pV was inaccurate to describe the postprandial tracer and tracee kinetics.
By using the reference pattern of k01;2H, values of pV at each time point can be
determined. As shown in Fig. 4.21, the calculated pV values varied over time,
ranging from 50 to 130 mL=kg.
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Fig. 4.21 Time-varying pV after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects.
pV was calculated using the mass balance equation of [6,6-2H2]glucose and needs to be used with
the 1-CM approach to follow the same pattern of k01;2H as the reference. 1-CM� = 1-CM with a
time-varying pV. Data are mean ˙ SEM

Figures 4.22 and 4.23 show the time course of plasma glucose RaT and glucose
RdT calculated with the 1-CM and the variable pV method (designated as 1-CM�)

ISO SUC

1-CM* 2-CM 1-CM* 2-CM

Peak rate (mmol/kg/min) 21.3 ±1.5 22.5 ±1.2* 62.3 ±4.2 63.8 ±2.2

Mean rate, 0−240 min (mmol/kg/min) 13. 2±0.6 13.2 ±0.6 20. 4±1.0 19.8 ±0.8
Total amount, 0−240 min (g) 53. 4±0.9 53.5 ±0.8 82. 3±1.7 80.1 ±1.3

0 30 60 90 120 150 180 210 240

0

10

20

30
ISO, 2-CM

ISO, 1-CM*

Time (min)
0 30 60 90 120 150 180 210 240

Time (min)

R
aT

 (
µm

ol
/k

g/
m

in
)

R
aT

 (
µm

ol
/k

g/
m

in
)

0

20

40

60

80
SUC, 2-CM
SUC, 1-CM*

Fig. 4.22 Comparison of glucose RaT calculated with the 1-CM using a time-varying pV and
the 2-CM using a fixed pV after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects.
1-CM� = 1-CM with a time-varying pV. Data are mean ˙ SEM. �P < 0:05 1-CM vs. 2-CM
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ISO SUC

1-CM* 2-CM 1-CM* 2-CM

Peak rate (mmol/kg/min) 19.3 ±1.3 20.0 ±1.3* 56.2±4.8 57.8 ±2.4

Mean rate, 0−240 min (mmol/kg/min) 13. 3±0.6 13.3 ±0.6 20. 2±1.0 19.8 ±0.8
Total amount, 0−240 min (g) 53. 9±0.9 53.7 ±0.9 81. 7±1.8 80.3 ±1.4
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Fig. 4.23 Comparison of glucose RdT calculated with the 1-CM using a time-varying pV and the
2-CM using a fixed pV after ingestion of [1-13C]ISO or [1-13C]SUC in 11 T2DM subjects. 1-CM�

= 1-CM with a time-varying pV. Data are mean ˙ SEM. �P < 0:05 1-CM vs. 2-CM

in comparison with the 2-CM and a constant pV approach. The changing patterns of
glucose RaT and glucose RdT were nearly identical throughout the 4-h postprandial
period when estimated using the both methods. Glucose RaT and glucose RdT began
to rise from a similar rate prior to ingestion of ISO or SUC (�9 �mol=kg=min),
subsequently reached a peak that was only marginally higher in the 2-CM at
�60 min after the ISO load but was similar between the 1-CM and 2-CM after the
SUC bolus, and returned continuously over the time to near preload rates by the end
of the experiment. Mean glucose RaT and glucose RdT were similar during the 4-h
postprandial period after ISO or SUC intake. Consequently, cumulative amounts of
glucose entering and leaving the circulation after each disaccharide load were not
different between the two approaches.

Based on the results above, the 1-CM approach with the fixed pV is inaccurate to
describe the postprandial glucose turnover following oral administration of ISO or
SUC. The variable pV approach for the calculation of systemic postprandial glucose
kinetics under non-steady-state condition, as is evident from Figs. 4.22 and 4.23, is
superior for this application. The underestimation of glucose turnover calculated
with the 1-CM and fixed pV can be minimized by varying the pV values, yielding
results that were virtually indistinguishable as compared with the 2-CM approach.

4.1.7 Insulin Sensitivity Index

Net SI was higher after ingestion of ISO than after ingestion of SUC (Table 4.3, P D
0:011). A ˙20 % deviation of glucose effectiveness produced only a small change
in SI (range: 12.6–13.9 and 4.6–4.7 � 10�4 dL=kg�min per pmol=L respectively for
ISO and SUC).
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Table 4.3 SI after ingestion
of [1-13C]ISO or [1-13C]SUC
in 11 T2DM subjects

ISO SUC

SI (10�4 dL=kg	min per pmol=L) 13.3 ˙ 3.2 4.7 ˙ 0.9�

Data are mean ˙ SEM
�P < 0:05 ISO vs. SUC

4.2 Isomaltulose-Protein Study

4.2.1 Subjects’ Characteristics

The characteristics of the subjects are summarized in Table 4.4. Thirty T2DM
subjects participated in this study. They were men and women aged between 45
and 75 years. Of these, 60 % were men. They had a mean diabetes duration of
approximately 5 years, were overweight, but had good glycemic control with HbA1c

less than 53 mmol=mol (7 %). Eleven of the subjects were treated with diet alone,
and the rest were under metformin regimen or in combination with diet. No other
anti-diabetic medication was used. Metformin administration was stopped 3 days
prior to the tests. None of the subjects had a history of unstable or untreated prolif-
erative retinopathy, clinically significant nephropathy, neuropathy, hepatic disease,
heart failure, uncontrolled hypertension, systemic treatment with corticosteroids,
and insulin treatment. Subjects were insulin resistant and had a ˇ-cell function of
approximately 70 %.

Table 4.4 Subjects’
characteristics

Number of subjects 30

Sex (female/male) 12/18

Age (years) 62.9 ˙ 1.3

Body weight (kg) 85.6 ˙ 3.1

Height (m) 1.7 ˙ 0.0

BMI (kg=m2) 29.0 ˙ 0.7

HbA1c (mmol=mol) 48.2 ˙ 1.4

HbA1c (%) 6.6 ˙ 0.1

Fasting plasma glucose level (mmol=L)a; b 7.2 ˙ 0.3

Fasting plasma insulin level (pmol=L)a; c 82.5 ˙ 11.5

HOMA-IRd 4.0 ˙ 0.6

HOMA-ˇ (%) 71.1 ˙ 10.7

Diabetes duration (years) 5.2 ˙ 2.6

Treatment (diet/metformin) 11/19

Metformin (female/male) 8/11

Data are mean ˙ SEM
aValues prior to ingestion of ISO+WS and ISO+C
bMeasurement was in mg=dL and converted to mmol=L by
dividing by 18
cMeasurement was in mU=L and converted to pmol=L by
multiplying by 6.945
dA cut-off value of >2.60 is considered insulin resistance
(Ascaso et al. 2003)
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4.2.2 Plasma Glucose Concentrations

Fasting plasma glucose concentrations did not differ between the study days on
which only ISO, ISO+WS, or ISO+C was ingested (P D 0:648). After consumption
of all the three drinks, plasma glucose concentrations increased above the basal
levels (all P < 0:001), reached peak values at �75 min, and returned to baseline
by �240 min. At every time point, postprandial plasma glucose levels did not differ
significantly between all the ingestions (P D 0:411, Fig. 4.24). Consequently, mean
plasma glucose concentrations and plasma glucose iAUCs were not significantly
different following administration of the different drinks (P D 0:704 and P D
0:239, respectively).

ISO ISO+WS ISO+C Overall P

Basal level (mmol/L) 7.1 ± 0.2 7.2 ± 0.3 7.2 ± 0.3 0.648
Peak level ((mmol/L) 11.2 ± 0.3 11.1 ± 0.4 10.9 ± 0.4 0.656
Peak time (min) 77.5 ± 4.0 78.5 ± 4.4 76.0 ± 4.0 0.639

Mean level, 0 −240 min (mmol/L) 8.8 ± 0.2 8.8 ± 0.4 8.6 ± 0.4 0.704

iAUC, 0−240 min (mmol/L·min)  428.2 ± 28.1 431.1 ±41.9 385.0± 33.7 0.239
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Fig. 4.24 Plasma glucose concentrations after ingestion of ISO alone, ISO+WS, and ISO+C in 30
T2DM subjects. No significant test effect (P D 0:704) or test � time interaction (P D 0:411) was
found. Data are mean ˙ SEM

4.2.3 Plasma Insulin Concentrations

Fasting plasma insulin concentrations did not differ between the days of ingestion
of ISO alone, ISO+WS, and ISO+C (P D 0:525). Plasma insulin concentrations
increased from baseline to peak levels after �90 min consumption of the different
drinks (all P < 0:001) and returned to baseline by �240 min. Significant differences
in postprandial insulin levels were observed following ingestion of the drinks
(P < 0:001, Fig. 4.25). Peak insulin concentration was higher after administration
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of ISO+WS or ISO+C than after administration of ISO only (both P < 0:001), and
was elevated following intake of ISO+WS compared to ISO+C (P < 0:001). As
a result, plasma insulin responses were respectively �270 % and �190 % greater
after ingestion of ISO+WS and ISO+C than after ingestion of ISO alone (both
P < 0:001), and was �30 % enhanced following consumption of ISO+WS versus
ISO+C (P D 0:006). Mean plasma insulin concentrations followed the same pattern
as plasma responses (P < 0:001).

ISO ISO+WS ISO+C Overall P

Basal level (pmol/L) 77.1 2.9 88.6 ±11.2 76.5 11.8 0.525

Peak level (pmol/L) 212.4 10.2 571.9 ±47.0*** 445.4 38.6 *** ††† <0.001
Peak time (min) 94.0 4.1 94.0 ±7.3 95.5 10.0 0.515
Mean level, 0−240min (pmol/L)    131.1 5.2 282.4 ±20.1*** 222.5 15.6 *** ††† <0.001
iAUC,0−240 min (pmol/L·min) 13819.3

±

±
±
±
±1093.2 51346.3 ±3960.9 *** 39957.6

±

±
±
±
± 3013.7*** †† <0.001
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Fig. 4.25 Plasma insulin concentrations after ingestion of ISO alone, ISO+WS, and ISO+C in 30
T2DM subjects. A significant test effect (P < 0:001) and test � time interaction (P < 0:001) were
found. Data are mean ˙ SEM. P values for multiple comparisons were adjusted using Bonferroni
correction. ���P < 0:001 ISO vs. ISO+WS and ISO vs. ISO+C. ���P < 0:001, ��P < 0:01

ISO+WS vs. ISO+C

4.2.4 Insulin Sensitivity Index

Net SI was lower after ingestion of ISO+WS and ISO+C than after administration
of ISO alone (P < 0:001 and P D 0:015, respectively). Moreover, SI was lower
following intake of ISO+WS compared to that following intake of ISO+C (P D
0:009, Table 4.5).
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Table 4.5 SI after ingestion of ISO alone, ISO+WS, and ISO+C in 30 T2DM subjects

ISO ISO+WS ISO+C Overall P

SI (10�5 dL=kg	min per pmol=L) 16.3 ˙ 2.0 5.9 ˙ 0.8��� 10.4 ˙ 1.8��� <0.001

Data are mean ˙ SEM
P values for multiple comparisons were adjusted using Bonferroni correction
���P < 0:001, �P < 0:05 ISO vs. ISO+WS and ISO vs. ISO+C. ��P < 0:01 ISO+WS vs.
ISO+C

4.2.5 Plasma Amino Acid Concentrations

Fasting plasma concentrations of total amino acids (TAA) did not differ on the study
days when ISO+WS and ISO+C were ingested (P D 0:651). As expected, plasma
TAA concentrations increased from baseline following consumption of both drinks
(P < 0:001) but were higher after administration of ISO+WS compared to those of
ISO+C (P < 0:001, Fig. 4.26). Similarly, fasting plasma concentrations of essential
amino acids (EAA) and branched-chain amino acids (BCAA) did not differ on the
ISO+WS and ISO+C study days (P D 0:221 and P D 0:141, respectively). Plasma

TAA

ISO+WS ISO+C

Basal level (mmol/L) 2811 ±43 2793±33
Mean level, 0−60 min (mmol/L) 3411 ±67 3161±55***

iAUC,0−60 min (mmol/L·min) 40115 ±3434 26055±3326
EAA
Basal level (mmol/L) 980 ± 29 949±25
Mean level, 0−60min (mmol/L) 1304 ± 29 1134±24***

***

iAUC, 0−60 min (mmol/L·min)     21878 ± 1640 13454±1697***

BCAA
Basal leve l (mmol/L) 526 ± 20 501±18
Mean level, 0−60 min (mmol/L) 715 ± 20 612±18***

***iAUC, 0−60 min (mmol/L·min) 12803 ± 1004   8042±993
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Fig. 4.26 Plasma TAA, EAA, and BCAA concentrations after ingestion of ISO+WS and ISO+C
in 30 T2DM subjects. A significant test effect (P < 0:001) and test � time interaction (P < 0:001)
were found respectively for plasma TAA, EAA, and BCAA concentrations. Data are mean ˙ SEM.
���P < 0:001 ISO+WS vs. ISO+C
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EAA and BCAA levels increased from baseline (P < 0:001) and showed a pattern
similar to plasma TAA levels (Fig. 4.26). Moreover, both plasma EAA and BCAA
levels were higher after administration of ISO+WS than after administration of
ISO+C (P < 0:001). Plasma TAA concentrations correlated positively with plasma
insulin levels in the 60-min postprandial period following ingestion of ISO+WS and
ISO+C (rs D 0:690 and rs D 0:684; P < 0:001, respectively).

Plasma responses of TAA, EAA, and BCAA were respectively 54 %, 63 %, and
59 % higher after administration of ISO+WS than after administration of ISO+C (all
P < 0:001). Plasma EAA and BCAA responses accounted for �55 % and �30 %
of the increases in plasma TAA responses following consumption of both drinks,
respectively. Mean plasma concentrations of TAA, EAA, and BCAA consistently
followed the same pattern as their plasma responses (all P < 0:001).

An overview of individual plasma amino acid concentrations at 0, 30, and
60 min is shown in Table 4.6. After ingestion of ISO+WS, most plasma amino

Table 4.6 Plasma amino acid concentrations and iAUCs after ingestion of ISO+WS and ISO+C
in 30 T2DM subjects

ISO+WS (�mol=L) ISO+C (�mol=L) ISO+WS vs. ISO+C

Baseline 30 min 60 min Baseline 30 min 60 min iAUC (�mol=L	min)

Ala 473 ˙ 20 621 ˙ 32 676 ˙ 29 483 ˙ 20 588 ˙ 27 631 ˙ 26 7501 ˙ 781 5526 ˙ 761��

Arg 79 ˙ 3 116 ˙ 5 108 ˙ 5 76 ˙ 3 96 ˙ 5 86 ˙ 4 1528 ˙ 149 761 ˙ 130���

Asn 43 ˙ 1 75 ˙ 4 75 ˙ 4 44 ˙ 1 61 ˙ 2 56 ˙ 3 1430 ˙ 133 698 ˙ 90���

Asp 10 ˙ 1 13 ˙ 1 12 ˙ 1 10 ˙ 1 11 ˙ 1 10 ˙ 1 142 ˙ 23 55 ˙ 9��

Cit 35 ˙ 2 34 ˙ 2 35 ˙ 2 33 ˙ 2 34 ˙ 2 34 ˙ 3 32 ˙ 10 68 ˙ 16

Gln 457 ˙ 23 500 ˙ 24 509 ˙ 23 463 ˙ 21 495 ˙ 24 483 ˙ 25 2187 ˙ 315 1451 ˙ 250

Glu 160 ˙ 19 178 ˙ 16 175 ˙ 17 157 ˙ 14 171 ˙ 16 171 ˙ 16 1164 ˙ 266 1004 ˙ 210

Gly 208 ˙ 13 231 ˙ 15 228 ˙ 18 211 ˙ 14 221 ˙ 15 211 ˙ 16 1030 ˙ 221 423 ˙ 105���

His 77 ˙ 2 87 ˙ 2 91 ˙ 2 77 ˙ 2 88 ˙ 2 88 ˙ 2 543 ˙ 47 491 ˙ 59

Ile 88 ˙ 4 166 ˙ 7 168 ˙ 7 86 ˙ 4 131 ˙ 6 114 ˙ 5 3521 ˙ 263 1795 ˙ 219���

Leu 157 ˙ 6 274 ˙ 12 266 ˙ 9 151 ˙ 6 231 ˙ 10 195 ˙ 7 5127 ˙ 424 3048 ˙ 400���

Lys 177 ˙ 7 270 ˙ 10 264 ˙ 9 173 ˙ 5 235 ˙ 9 212 ˙ 6 4112 ˙ 291 2456 ˙ 333���

Met 27 ˙ 2 38 ˙ 2 36 ˙ 2 26 ˙ 1 40 ˙ 2 35 ˙ 1 455 ˙ 38 567 ˙ 81

Phe 64 ˙ 3 84 ˙ 4 81 ˙ 4 64 ˙ 3 81 ˙ 4 73 ˙ 4 846 ˙ 73 654 ˙ 104

Ser 108 ˙ 4 151 ˙ 6 147 ˙ 6 108 ˙ 4 140 ˙ 6 129 ˙ 5 1880 ˙ 194 1280 ˙ 156��

Tau 106 ˙ 9 115 ˙ 11 113 ˙ 11 112 ˙ 9 124 ˙ 11 119 ˙ 10 690 ˙ 230 744 ˙ 192

Thr 126 ˙ 5 187 ˙ 8 195 ˙ 8 125 ˙ 5 158 ˙ 6 152 ˙ 5 2846 ˙ 239 1422 ˙ 165���

Trp 59 ˙ 2 76 ˙ 2 80 ˙ 3 60 ˙ 2 68 ˙ 2 64 ˙ 2 808 ˙ 72 354 ˙ 59���

Tyr 74 ˙ 4 99 ˙ 5 99 ˙ 5 71 ˙ 3 100 ˙ 5 90 ˙ 5 1123 ˙ 121 1135 ˙ 193

Val 280 ˙ 10 372 ˙ 11 374 ˙ 10 265 ˙ 9 343 ˙ 12 321 ˙ 9 4154 ˙ 343 3198 ˙ 377�

Data are mean ˙ SEM
P values for multiple comparisons were adjusted using Bonferroni correction
���P < 0:001, ��P < 0:01, and �P < 0:05 ISO+WS vs. ISO+C
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Fig. 4.27 Plasma amino acid iAUCs after ingestion of ISO+WS and ISO+C in 30 T2DM
subjects. Data are mean ˙ SEM. P values for multiple comparisons were adjusted using Bonferroni
correction. ���P < 0:001, ��P < 0:01, and �P < 0:05 ISO+WS vs. ISO+C

acid concentrations increased significantly from the baseline level (P < 0:05),
except plasma concentrations of citrulline, glutamic acid, and taurine. The highest
increment was observed for plasma alanine, followed by plasma EAA and BCAA
(i.e., plasma leucine, valine, lysine, isoleucine, and threonine). Similarly, all plasma
amino acid levels also increased significantly above the baseline following ingestion
of ISO+C (P < 0:05), except plasma concentrations of citrulline, glutamic acid,
taurine, and glycine. Again, the highest increment was observed for plasma alanine,
followed by valine, leucine, lysine, isoleucine, and threonine. Compared to ingestion
of ISO+C, plasma responses of all these amino acids were significantly higher
following ingestion of ISO+WS (P < 0:05, Fig. 4.27); approximately 30–40 % for
plasma alanine, leucine, valine, and lysine, and approximately 95–100 % for plasma
isoleucine and threonine.



Chapter 5
Discussion

5.1 Methodology

Plasma glucose concentrations are determined by the balance between rates of
glucose entering and leaving the systemic circulation. Glucose reaching the circula-
tion after ingestion of carbohydrate is derived from exogenous (meal) and endoge-
nous (liver plus kidney) sources. The ISO/SUC-Clamp Study was undertaken to
comprehensively characterize postprandial glucose changes after a bolus ingestion
of ISO compared with SUC in T2DM patients. Using a combination of euglycemic-
hyperinsulinemic clamp and labeled oral ISO or SUC load, glucose absorption and
turnover of oral and endogenous glucose were assessed. This approach has several
advantages over the other methods; three of them are mentioned as follows. It allows
a straight discrimination between slowly and rapidly absorbed carbohydrates by
directly determining the duration of glucose absorption from the experiment. It
enables simultaneous quantification of rates of systemic glucose appearance and
disappearance accurately as well as differentiation between oral and endogenous
glucose release into the bloodstream. Lastly, extensive fluctuations in blood glucose
levels from digestion of simple carbohydrates and recycling of C3-fragments in the
liver are stabilized.

Prior to administration of ISO or SUC, infusions of insulin and [6,6-2H2]glucose
tracer were started in parallel. Insulin was infused in a continuous fashion in order to
decrease plasma glucose levels into euglycemic state (from �7.5 to 5 mmol=L) and
maintain the levels at this state, while infusion of [6,6-2H2]glucose tracer enabled
estimation of systemic glucose appearance. During insulin infusion, plasma glucose
concentrations were maintained at the euglycemic range by concomitant infusion of
glucose that was enriched with [6,6-2H2]glucose (also called hot-GINF method) to
minimize changes in plasma tracer enrichments (Finegood et al. 1987). Equilibria
for plasma insulin, glucose, and glucose tracer concentrations were achieved
approximately 30 min before the oral load of ISO or SUC, as evidenced by the
constant values of plasma [6,6-2H2]glucose (�2 %), plasma glucose (�5 mmol=L),

© The Author 2016
M. Ang, Metabolic Response of Slowly Absorbed Carbohydrates in Type 2 Diabetes
Mellitus, SpringerBriefs in Systems Biology, DOI 10.1007/978-3-319-27898-8_5

97



98 5 Discussion

and plasma insulin (�350 pmol=L) during the time period from �30 to 0 min. The
time required for plasma insulin to reach the steady-state level in T2DM patients
was considerably longer compared to other studies under similar constant insulin
infusions in healthy or T1DM subjects (2.5 h vs. 1 h, respectively) (Meyer et al.
2005; Ang et al. 2014). The possible reason for this observation may be due
to obesity or impaired insulin action in these T2DM patients. Most important,
isotopic and substrate equilibriums were attained prior to administration of both
disaccharides, which are prerequisites for measuring glucose kinetics accurately.

To allow measurement of dynamic metabolic responses discriminating both
disaccharides, insulin was administered at a rate of 0.8 mU=kg=min, which resulted
in approximate target insulin concentrations of 350 pmol=L. Using this infusion
rate, basal C-peptide secretion was readily suppressed by more than half. Insulin
infusion at a rate of 1.0 mU=kg=min for 2 h has been demonstrated to increase
plasma insulin levels to �700 pmol=L, which inhibits EGP completely or almost
completely in healthy and T2DM subjects (Rizza et al. 1981; Campbell et al. 1988).
Accordingly, any higher rate than 1.0 mU=kg=min of insulin infusion will entirely
inhibit endogenous C-peptide release as well as EGP even prior to administration of
both disaccharides. This, in turn, would exacerbate dynamic metabolic assessment
associated with the absence of changes in glucose kinetics subsequent to their
intake. On the other hand, when using a lower insulin infusion, peripheral glucose
uptake will not be highly stimulated in insulin-resistant T2DM subjects. However,
even at a higher rate of insulin infusion, glucose disposal is still relatively low
in T2DM as opposed to healthy probands (Campbell et al. 1988). Based on
these considerations, opting for insulin infusion rate less than 1 mU=kg=min is
favorable to allow the feasibility of estimating glucose kinetics following ISO or
SUC load. Moreover, different degrees of impairment of both insulin action and/or
endogenous insulin secretion in T2DM individuals were adjusted prior to intake of
both disaccharides.

Subjects in the ISO/SUC-Clamp Study were mostly obese, with a mean BMI
of �32 kg=m2. In the experiments, the probands consumed 1 g=kg body weight of
13C-enriched ISO or SUC. Their average body weight was 90 kg (range: 72–119 kg),
which means that they ingested an average amount of 90 g of disaccharides. This
corresponds to total daily sugar intake in most developed countries, ranging from
85 to 125 g or approximately 15–20 % of daily energy intake (Sugar Nutrition UK
2011). Therefore, the amounts of disaccharides ingested by the subjects represent
daily sugar consumption.

After ISO or SUC intake, exogenous GINF was reduced subsequently from the
preload rates in order to compensate for oral glucose absorption and to maintain
euglycemia. Due to insulin resistance of the subjects, a decrease in exogenous
GINF following ISO or SUC ingestion did not fully accommodate to the absorbed
oral glucose; plasma glucose levels rose consequently. These results are consistent
with protocols of similar condition in T2DM subjects (Ludvik et al. 1997; Bajaj
et al. 2003). Labeling ISO and SUC, however, allowed postprandial oral glucose
appearance to be accurately measured and distinguished from endogenous glucose
release into the systemic circulation.
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Postprandial glucose flux can be accurately calculated when tracer and tracee
concentrations are constant, because the assumption of uniform mixing of tracer
with tracee in the compartment applies and no recycling of tracer occurs once it has
left the system (Steele et al. 1956; Vella and Rizza 2009). To anticipate, minimize,
and stabilize changes in fluctuation pattern of both tracer and tracee concentrations,
oral disaccharides load was therefore combined with hyperinsulinemic-euglycemic
clamp in conjunction with the hot-GINF technique. Nevertheless, perturbation
in steady-state plasma [6,6-2H2]glucose tracer occurred following administration
of both disaccharides. To account for the possibility that glucose may not be
homogeneously distributed in a single pool, postprandial glucose flux was therefore
calculated under non-steady-state condition using 1-CM and 2-CM approaches
in combination with Finegood’s procedure. Compared to results computed with
a 2-CM, the 1-CM underestimated glucose flux during non-steady state, but its
accuracy can be increased by varying glucose distribution volume (pV) in the cal-
culation. A smoothing procedure using OOPSEG program can further enhance the
accuracy of the estimation in both models, since smoothing minimizes measurement
inaccuracy by filtering noisy data and reducing deviation of the smoothed points.
A previous study by Basu et al. (2003) also indicates that the 2-CM is precise
in approximating glucose kinetics at disequilibrium and is superior to the 1-CM
approach. Thus, mathematical modeling using the 2-CM combined with Finegood’s
procedure and OOPSEG smoothing as mentioned above lead to validated and
reproducible results.

5.2 Glucose Absorption

Consistent with previous experimental results (Tsuji et al. 1986; Goda et al.
1988; Tonouchi et al. 2011), the ISO/SUC-Clamp Study showed that absorption
of ISO was significantly prolonged compared with SUC. Absorption of each
disaccharide was determined from oral glucose appearance in plasma, which was
calculated by means of labeled [13C]glucose data. Oral glucose appearance reflects
ingested glucose that has been absorbed following the oral load of the 13C-enriched
disaccharides and is released into the circulation. A complete glucose absorp-
tion was indicated by the returned rates of oral glucose appearance to baseline
values. This calculation method shows that glucose absorption from ISO was
finished after �211 min of ingestion, while absorption of SUC was more rapid and
lasted �161 min, indicating a delayed ISO absorption by approximately 50 min.
Estimation of glucose absorption using GINF values also yielded similar results;
glucose absorption was slowed down by �40 min following ISO as opposed to SUC
consumption.

Several factors may cause differences in the absorption rate of ISO and SUC. One
important determinant is the discrepancy in their chemical structures. Compared
with SUC, ˛-1,6 glycosidic bonds between glucose and fructose molecules in ISO
are hydrolyzed more slowly (Dahlqvist et al. 1961, 1963; Goda and Hosoya 1983;
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Tsuji et al. 1986; Goda et al. 1988), postponing contact of glucose with absorptive
surface to a later time point. This is readily attributed to the lower activity of iso-
maltase moiety of sucrase-isomaltase complex for cleaving ISO compared to that of
sucrase (Dahlqvist et al. 1963; Goda and Hosoya 1983; Goda et al. 1988). A portion
of ISO is also hydrolyzed by glucoamylase (Dahlqvist et al. 1961; Goda et al. 1988;
Günther and Heymann 1998). In contrast, SUC is exclusively digested by sucrase.
Both enzymes have a different kind of distribution throughout the small intestine;
sucrase has its highest activity in the proximal jejunum and considerably lesser
activity in the distal ileum, whereas glucoamylase activity increases regularly from
pylorus to ileocecal valve (Triadou et al. 1983). Evidence suggests that a greater
length of small intestine will be exposed to nutrients with increasing nutritional
loads, which occurs due to saturation of digestive and absorptive capacities. As
incoming loads exceed the absorptive capacity of the proximal segment of small
intestine, more and more nutrients will be shifted beyond the segment, reaching
the distal gut (Lin et al. 1989; Meyer et al. 1998b). Consequently, even if higher
loads of ISO saturate jejunal isomaltase, undigested ISO spilling into ileum will be
readily hydrolyzed by glucoamylase and thus contributes to even more prolonged
absorption. By contrast, SUC can still be easily cleaved in the proximal small bowel,
despite of a higher load because of increased sucrase distribution and activity in the
upper than in the lower gut. Thus, differences in the duration of absorption between
ISO and SUC will be even more pronounced as an increasing amount of ISO travels
along the distal small gut.

Alterations in gastrointestinal motility as an adaptation to the digestion process
may be another contributing factor to the slower absorption of ISO compared with
SUC. Following digestion, glucose released from ISO will interact with glucose
receptors in the small intestine. This, in turn, mediates a variety of gastrointestinal
responses, which controls gastric distension, gastric motility, and gastrointestinal
hormone secretion. This process, also known as feedback mechanism, serves for
efficient digestion and absorption in the gastrointestinal tract (Ehrlein and Schemann
2005). Gastric emptying becomes inhibited once glucose resulting from digestion
is available for absorption. Initial gastric emptying may be more rapid than the
subsequent rate due to a delay in feedback inhibition by small intestine receptors.
Both amounts of glucose loads and intestine’s length exposed to glucose determine
gastric emptying rate; the more glucose entering the distal gut, the greater the
inhibition of stomach emptying (Horowitz et al. 1993; Schirra et al. 1996; Little et al.
2006). Feedback signals for delaying gastric emptying is controlled by enhanced
release of GLP-1 hormone following ISO load, which contributes secondary to the
slowed glucose absorption.

Low-digestible carbohydrates are incompletely or not absorbed in the small
intestine, and are fermented by bacteria in the large intestine, causing gastroin-
testinal discomforts including abdominal pain, flatulence, or diarrhea. Results in
healthy subjects indicate that ISO is completely degraded and absorbed in the
small intestine (Holub et al. 2010), thus no fermentation is expected in the colon
(Kashimura et al. 1990; Tamura et al. 2004). Preliminary data with increasing
ISO or SUC doses from 12.5 to 100 g demonstrated no significant differences
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Fig. 5.1 Breath hydrogen concentrations prior to and after ingestion of 12.5, 25, 50, 75, and 100 g
of ISO or SUC in T2DM subjects. Ten subjects ingested 12.5, 25, and 50 g of ISO or SUC in a
crossover fashion. Similarly, 9 and 5 subjects consumed 75 and 100 g of ISO or SUC, respectively.
After ingestion, breath H2 levels were measured in a 30-min interval over a 3-h postprandial period
and were expressed as mean values for each subject

in the mean breath hydrogen concentrations following ISO versus SUC intake
within a 3-h period (P D 0:500–0:594). A rise of 10–20 parts per million (ppm)
over baseline is considered to indicate malabsorption (Simrén and Stotzer 2006).
However, mean breath H2 contents mostly did not exceed 20 ppm (Fig. 5.1). Two
patients had elevated fasting breath H2 levels (>20 ppm), consequently their mean
levels expectedly exceeded 20 ppm after respective intake of 12.5 g SUC or 25 g
ISO. One patient had high levels of breath H2 following intakes of 75 g ISO and
SUC, presumably due to fructose intolerance. Overall, these results suggest that
ISO is not fermented by bacteria in the colon, therefore it is fully absorbed in
the small intestine. In addition, no remarkable gastrointestinal discomforts were
recorded in the tolerance questionnaires after ingestion of increasing ISO doses
(data not shown), which indicate that consumption of ISO is as tolerable as SUC.

5.3 Plasma Glucose Concentrations

Numerous studies have demonstrated lower postprandial plasma glucose and peak
glucose concentrations following ISO consumption compared with SUC in healthy
volunteers (Macdonald and Daniel 1983; Kawai et al. 1985, 1989; Liao et al. 2001;
van Can et al. 2009; Holub et al. 2010; Maeda et al. 2013), impaired glucose-
tolerant subjects (van Can et al. 2012), and T2DM patients (Kawai et al. 1989; Liao
et al. 2001). In the majority of the studies, plasma glucose levels were significantly
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attenuated, which were most pronounced during the first hour following ingestion
of ISO as opposed to SUC. Consistent with those findings, peak glucose level was
reduced by approximately 25 % after the ISO load in the present study.

A variation exists in the magnitude of the reduction of postprandial glucose
excursions between the present ISO/SUC-Clamp Study and the above indicated
studies. The difference in glycemic response (expressed as total iAUC) after bolus
administration of ISO versus SUC was greater in the present study compared
to previous studies (Kawai et al. 1989; Liao et al. 2001; Holub et al. 2010)
(�45 % vs. �30–35 %, respectively). The explanation for this observation can be
attributed to the different experimental design applied in the present study, including
experimental condition and oral dose of ISO or SUC. The amounts of ISO and SUC
ingested by the subjects were considerably higher in the present study compared
to those studies (�90 vs. 50–75 g). The effect of ISO intake on postprandial
glucose response seems to be dose-dependent compared to SUC. It appears that
the magnitude differences become even extended with greater loads.

Several reasons can explain the overall lower plasma glucose concentrations
observed following ISO versus SUC intake. First, following the delayed digestion
of ISO, oral glucose was gradually absorbed into the portal vein, causing a smaller
amount of glucose released into the bloodstream. Second, endogenous glucose
output was suppressed to a higher extent, consequently reducing additional glucose
that reached the systemic circulation after the ISO load. Third, during the first pass
through the liver, more oral glucose from ISO was extracted by the splanchnic
tissues, leaving less glucose to enter the blood circulation. Fourth, the combination
of high dose and experimental condition may exert some synergistic effects on
postprandial glucose metabolism, leading to pronounced differences in plasma
glucose levels between ISO and SUC.

Ingestion of ISO+WS or ISO+C did not reduce plasma glucose responses despite
the substantial increase in postprandial insulin levels compared to ingestion of
ISO alone in T2DM subjects. The explanation for this observation is a reduced
postprandial insulin action after intake of ISO+WS or ISO+C. In healthy probands,
short-term elevations of plasma amino acids have been demonstrated to decrease
glucose disposal, inhibit glucose transport or muscle insulin signaling, and enhance
EGP by increasing glycogenolysis or gluconeogenesis (Krebs et al. 2002, 2003). It
is therefore possible that protein components of ISO+WS and ISO+C decrease the
effects of insulin in T2DM subjects. Reduced insulin action is counterbalanced by
an increase in insulin secretion, thereby maintaining plasma glucose levels.

The effects of co-administration of various proteins and carbohydrates on
plasma glucose concentrations are discussed controversially. Healthy probands
often showed small, but significant absolute effects on plasma glucose AUCs when
two carbohydrate and protein blends were compared (Manders et al. 2005, 2006),
although the shape of plasma glucose profiles did not differ (van Loon et al. 2003).
In T2DM patients, plasma glucose responses were either not significant (Gannon
et al. 1992) or highly variable and the magnitude of glucose reduction was only
moderate (Gannon et al. 1988; Manders et al. 2005, 2006). Combining carbohydrate
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with casein reduced glucose responses, but systemic glucose appearance and
disappearance rates (Manders et al. 2005) as well as plasma glucose concentrations
were not significantly different (Manders et al. 2006) compared to ingestion of
carbohydrate only. A reduction of blood glucose response was further reported after
whey intake for lunch compared to a ham meal without significant differences for
breakfast with the same meals (Frid et al. 2005). Altogether, no definitive conclusion
on the glucose-lowering effect of proteins can be drawn from those studies.

5.4 Plasma Hormone Concentrations

5.4.1 Insulin and C-Peptide

As indicated above, insulin infusion increased basal plasma insulin concentra-
tions to physiological levels and decreased basal endogenous insulin secretion by
approximately 60 % prior to ISO or SUC load. Subsequently after administration
of each disaccharide, plasma insulin concentrations rose significantly from the
preload levels, indicating an appropriate secretion of residual endogenous insulin
and hence the rise in plasma insulin levels in response to the ingestion of both
disaccharides. The different responses in plasma C-peptide and insulin levels
following the oral load of both disaccharides confirm the previous findings that
ISO consistently attenuated postprandial insulin concentrations and AUCs/iAUCs
in healthy participants (Macdonald and Daniel 1983; Kawai et al. 1985, 1989; Liao
et al. 2001; van Can et al. 2009; Holub et al. 2010; Maeda et al. 2013), in impaired
glucose-tolerant subjects (van Can et al. 2012), and in T2DM patients compared to
SUC (Kawai et al. 1989; Liao et al. 2001).

Ingestion of ISO+WS or ISO+C substantially increased postprandial insulin
levels compared to ingestion of ISO alone in T2DM subjects. Numerous reports
have confirmed a stable insulinotropic effect of proteins combined with glucose
or maltodextrin in T2DM patients (Gannon et al. 1988, 1992; van Loon et al.
2003; Manders et al. 2005, 2006). Because the amounts of ingested ISO were
identical (50 g) in the ISO-Protein Study, differences in insulin responses depend
exclusively on the protein compositions displayed by the different amino acid
profiles following ingestion of ISO+WS or ISO+C. Present results confirm a
previous report on the stimulation of insulin by postprandial TAA levels (Calbet and
MacLean 2002). Consequently, a greater increase in plasma TAA concentrations
following consumption of ISO+WS promotes a faster release of insulin compared
to intake of ISO+C.
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5.4.2 Glucagon

Plasma glucagon levels increased significantly to lower values after ISO consump-
tion compared to SUC. The explanation for this observation can be attributed to
the higher GLP-1 secretion, because GLP-1 infusions have been demonstrated to
reduce plasma glucagon levels in healthy subjects as well as in T1DM and T2DM
patients (Gutniak et al. 1992). Additionally, insulin infusion may contribute to the
decreased glucagon response, since physiological insulin levels declined plasma
glucagon concentrations by �45 % prior to the ISO load.

Plasma glucagon responses increased significantly after ingestion of ISO+WS or
ISO+C (P < 0:001, data not shown). The increases in glucagon levels after ingestion
of both solutions were correlated to plasma TAA levels (P < 0:05), indicating
that the presence of proteins enhances postprandial glucagon excursions. Consistent
with plasma insulin responses, a greater glucagon response was observed following
intake of ISO+WS, which could be attributed to the higher increase in plasma TAA
levels compared to intake of ISO+C.

5.4.3 Incretins

Differences in the rate of glucose absorption trigger a different pattern of incretin
release. Following ISO intake, plasma GLP-1 levels were significantly greater,
whereas plasma GIP concentrations were lower as compared with those following
SUC intake. These results are in agreement with an ISO study in healthy non-obese
subjects (Maeda et al. 2013). Incretin secretion is related to ingestion of meal or
meal-derived glucose, since GLP-1 and GIP release is not stimulated by intravenous
glucose (Nauck et al. 1986; Herrmann et al. 1995) or sweeteners (Gregersen et al.
2004), and depends on rates of nutrient delivery into the small intestine (O’Donovan
et al. 2004; Chaikomin et al. 2007).

Low GIP response can be primarily explained by the slower absorption of
glucose originating from ISO. A good correlation between plasma GIP and profile
pattern of oral exogenous glucose appearance was reported in a study in healthy
subjects after consuming pasta or bread. Pasta was found to be digested slower
than bread, eliciting a lower rise in GIP release (Eelderink et al. 2012). Varying
the rate of GINF, which was administered intraduodenally to healthy and T2DM
subjects, has also been shown to influence GIP release. When the initial rate was
more rapid, GIP increased greater compared with a constant rate (O’Donovan et al.
2004). Moreover, reducing the frequency of duodenal flow events was reported to
reduce glucose absorption and GIP secretion (Chaikomin et al. 2007). Together,
these results suggest that glucose absorption rates are a vital determinant of GIP
release in the small intestine. GIP is secreted from the enteroendocrine K-cells
mostly located in the proximal small bowel (duodenum and jejunum). Presumably,
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only a small amount of glucose resulting from the slower digestion of ISO was
absorbed in the upper part of the gut, causing a lower GIP response compared with
that following the SUC bolus.

Animal studies have demonstrated that plasma GLP-1 levels increase substan-
tially subsequent to the interaction of ISO or SUC with the ileal lumen, where
the most abundant GLP-1-producing cells are distributed. Surprisingly, a higher
GLP-1 release was observed following direct administration of SUC into the ileum
of rats than that following the instillation of ISO. Because ISO or SUC per se did
not trigger an increase in GLP-1 release in the GLP-1-producing enteroendocrine
cell line (GLUTag cells), rapid digestion of SUC may have caused more glucose
to accumulate in the ileal lumen, thereby producing a greater GLP-1 release (Hira
et al. 2011). Studies using ˛-glucosidase inhibitors, such as acarbose, have shown a
prolonged and enhanced GLP-1 response after SUC ingestion in healthy and T2DM
subjects. Acarbose prevents rapid hydrolysis of SUC and moves the digestion of
SUC to later time points, thereby shifting absorption of glucose from the jejunal
to the ileal intestine (Qualmann et al. 1995; Seifarth et al. 1998). Due to reduced
degradation of carbohydrates by acarbose, a portion of SUC remains undigested,
leading to increased H2 production in breath. As indicated above, glucose but not
ISO or SUC itself induces a significant GLP-1 secretion in the GLP-1 producing
cells, which emphasizes the importance of glucose presence in the gut lumen and
the interaction of glucose with the ileal L-cells for stimulating GLP-1 secretion.
Accordingly, it appears that delaying the absorption rate of glucose to the distal
ileum will modulate GLP-1 release substantially.

Therefore, a larger amount of glucose may be immediately available for absorp-
tion following rapid digestion of SUC by the brush-border sucrase in the upper
small intestine, triggering a higher GIP activation. Conversely, lower degradation
rate of ISO causes glucose to be slowly released, utilizing a longer portion of
the small intestine for absorption (Fig. 2.5). As a result, absorption of ISO-derived
glucose may be shifted to the lower intestine, thereby inducing a higher GLP-1 level.
Experimental results indicate that the 1,6-glycosidic bond in ISO is cleaved not only
by the brush-border isomaltase in the proximal jejunum (Dahlqvist et al. 1963; Goda
and Hosoya 1983; Goda et al. 1988) but also by the brush-border glucoamylase with
the highest activity in the ileum (Dahlqvist et al. 1961; Goda et al. 1988; Günther
and Heymann 1998). As indicated previously, jejunal isomaltase may be saturated,
hence a part of ISO may be shifted to the distal ileum for further degradation
and subsequent absorption, which contributes to GLP-1 release. Enhanced GLP-1
secretion is favorable in T2DM due to significantly reduced levels but a retained
insulinotropic effect, while GIP is normal or slightly elevated, but the effect is
greatly reduced (Nauck et al. 1993; Vilsbøll et al. 2001).

The slower hydrolysis rate of ISO and the resulting gradual absorption of glucose
in the small intestine exert influence on gastric motility and gastric emptying. With
the release of GLP-1 hormone, gastric emptying is delayed (Willms et al. 1996).
This regulation elicited by the small intestine is involved in the feedback control of
gastric motility as an adaptation process to the intestinal digestion and absorption.
When gastric emptying is slowed down, the disaccharide will move slowly to
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the small bowel, thereby ensuring sufficient contact with digestive enzymes and
absorptive surfaces. Delayed gastric emptying may cause increased satiety, which
has been observed in healthy subjects by a lower increase in plasma ghrelin levels
following ISO compared with SUC consumption (van Can et al. 2009).

5.5 Plasma Glucose Turnover

5.5.1 Systemic Glucose Appearance

Total glucose entry into the systemic circulation is the sum of exogenous and
endogenous glucose appearance. During the 4-h postprandial period, an average
amount of 31 g of exogenous glucose originating from ISO reached the systemic
circulation, with a concomitant EGP of �21 g, yielding a total amount of �53 g
of glucose that was released into the blood circulation. Conversely, after SUC
intake, a higher amount of glucose was delivered into the systemic circulation
(�80 g), due to increases in both exogenous and endogenous glucose release (�41
and �38 g, respectively). Consumption of ISO significantly attenuated postprandial
oral exogenous glucose appearance, suppressed EGP, and thus improved overall
postprandial glucose appearance by �35 % compared with ingestion of rapidly
absorbed SUC in T2DM subjects.

5.5.2 Oral Glucose Appearance

Subjects in the ISO/SUC-Clamp Study consumed 1 g=kg body weight of ISO or
SUC. They had an average body weight of 90 kg, which means that they ingested an
average amount of 90 g of ISO or SUC. Since ISO and SUC consist of 50 % glucose
and 50 % fructose, glucose ingested per person is equivalent to half of the amount
of oral ISO or SUC load, corresponding to an average of 45 g of glucose. Both
disaccharides were enriched with 13C at carbon-1 in the glucose molecules, allowing
for calculation of oral glucose appearance accurately. Following ingestion of ISO or
SUC containing �45 g of glucose, an amount of �31 or �41 g reached the systemic
circulation, respectively during the 4-h postprandial period. This corresponds to
�69 % or �92 % of the total amount of glucose ingested by the subjects.

A variety of factors plays an important role in determining the lower magnitude
of oral glucose released into the systemic circulation following the ISO load. These
include rates of gastric emptying, degradation rates of disaccharides by digestive
enzymes in the small intestine, absorption of glucose from the gut lumen into
the portal vein, initial glucose extraction by splanchnic tissues, and finally the
release of the oral absorbed glucose into the systemic circulation. Collectively, all
these factors contribute substantially to the reduction of oral glucose appearance
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originating from ISO. Because the difference between ISO and SUC lies in the
position of glycosidic bond between the two monosaccharides glucose and fructose,
for which the cleavage requires different brush-border enzymes located at different
sites of small intestine, it can be concluded that digestion rate of ISO represents the
major determinant for the lower rates of oral glucose appearance in the systemic
circulation. All other factors can be seen as accompanying factors secondary to the
slower degradation rate.

5.5.3 Endogenous Glucose Production

Suppressed EGP following ISO administration can be attributed to the hormonal
changes in plasma GLP-1, insulin, and glucagon concentrations. GLP-1 hormone
acts to stimulate insulin secretion and inhibit glucagon release (Nauck et al. 1993;
Vella et al. 2000), which explain the lower increase in plasma glucagon concen-
trations following ISO versus SUC consumption. GLP-1 hormone may therefore
inhibit EGP indirectly through modulation of glucagon and insulin secretions.
Glucagon will increase EGP preferentially via glycogenolysis (Magnusson et al.
1995), by contrast insulin exerts the opposite effect. Balance between plasma
glucagon and insulin concentrations is considered a major regulator of EGP,
suggesting reduced glucagon and/or increased insulin levels favor EGP suppression.
Indeed, the mean molar ratio of insulin-to-glucagon concentration was increased
after ISO versus SUC ingestion (18.1 ˙ 0.9 vs. 15.8 ˙ 1.0, P < 0:001).

Other factor, such as decreased availability of gluconeogenic precursors, may
also contribute to the lower EGP following ISO as opposed to SUC consumption in
T2DM patients. A reduction in plasma FFA levels was observed after administration
of ISO compared with SUC in normal healthy probands and impaired glucose-
tolerant subjects (van Can et al. 2009, 2012), indicating a reduced substrate supply
for gluconeogenesis. Alteration in cellular metabolism may be another contributing
factor to the lower endogenous glucose release. In animal studies, adaptation to
dietary starch for 1 week has been shown to downregulate two key gluconeogenic
enzymes (i.e., phosphoenolpyruvate carboxykinase and glucose-6-phosphatase),
causing a lower glucose release in isolated hepatocytes compared to SUC-adapted
diet (Bizeau et al. 2001a,b).

Numerous studies have demonstrated impaired suppression of EGP following
meal ingestion or glucose administration in T2DM patients compared to healthy
probands (Firth et al. 1986; Ferrannini et al. 1988; Mitrakou et al. 1990; Singhal
et al. 2002; Krssak et al. 2004). Inadequate inhibition of EGP contributes to
the excessive postprandial hyperglycemia in T2DM. Results of the present study
indicate that postprandial EGP can be significantly reduced by intake of slowly
absorbed carbohydrates.
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5.5.4 Splanchnic Glucose Uptake

Newly absorbed glucose of oral ingested glucose is transported into the portal
vein where a fraction is extracted by the liver and the remainder is released
into the systemic circulation (Gerich 2000). Approximately 69 % or 92 % of oral
glucose deriving from ingestion of ISO or SUC was recovered in the systemic
circulation respectively throughout the 4-h postprandial period. Since ISO and SUC
are completely digested and absorbed in the small intestine (Holub et al. 2010)
and no fermentation has been reported following ingestion of the disaccharides
(Kashimura et al. 1990; Tamura et al. 2004; Tonouchi et al. 2011), virtually all of the
oral glucose should have been absorbed from the gut by the end of the postprandial
period. Therefore, nearly 31 % or 8 % of the ingested glucose was taken up during
the first pass through the splanchnic tissues following ISO or SUC consumption,
respectively.

The significantly higher SGU after ISO administration could be explained by the
increased insulin-to-glucagon ratio compared with SUC. Both insulin and glucagon
hormones regulate the activity of hepatic glucokinase, a glucose phosphorylating
enzyme responsible for controlling hepatic glucose uptake. Insulin is the primary
activator, while glucagon exerts inhibitory effect (Iynedjian et al. 1995). Glucose
from the portal vein enters the hepatocytes via GLUT2, subsequently is phosphory-
lated by glucokinase to G-6-P. Phosphorylation represents the rate-determining step
for hepatic glucose uptake because GLUT2 has a lower affinity for glucose than
glucokinase. Autosomal dominant defect in glucokinase activity, such as MODY, is
associated with impaired hepatic glucose uptake in response to hyperglycemia and
hyperinsulinemia. Evidence suggests that hepatic but not intestinal glucose uptake is
impaired in T2DM, which is caused by decreased hepatic glucokinase activity (Basu
et al. 2001). Thus, in the presence of increased insulin-to-glucagon concentration,
hepatic glucokinase activity will be enhanced, promoting hepatic glucose uptake
after ISO intake. This is supported by an animal study demonstrating decreased
glucokinase activity after chronic SUC feeding for 1 week compared with starch as
a complex carbohydrate (Bizeau et al. 2001b).

It is also possible that the decreased SGU observed after SUC intake may
be triggered by the increased EGP. Both glycogenolysis and gluconeogenesis are
involved in the process of EGP; the latter one is disproportionately high in T2DM
(Magnusson et al. 1992). Failure to suppress the enhanced EGP causes continuous
augmentation of intracellular glucose or G-6-P levels, which could in turn diminish
SGU. Conversely, it can be expected that the decreased EGP after ISO load
may promote hepatic glucose uptake. Thus, both diminished net SGU (Ludvik
et al. 1997; Basu et al. 2001) and inadequate suppression of EGP as indicated
above contribute to excessive and prolonged hyperglycemia in T2DM patients after
glucose administration or mixed meal ingestion. Due to these impairments, a meal
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that attenuates postprandial hyperglycemia by inhibiting EGP and increasing SGU
is preferable for T2DM subjects. Based on the results of the present study, slowly
absorbed carbohydrates could help control postprandial hyperglycemia in T2DM.

5.5.5 Systemic Glucose Disappearance

During the 4-h postprandial period following ingestion of ISO or SUC containing
�45 g of glucose, an amount of �53 or �80 g was respectively removed from
the systemic circulation. This represents a greater quantity of glucose than that
ingested by the T2DM subjects. The reason for this observation is attributed to
the fact that EGP was only partially suppressed following the ISO load or even
increased after the SUC bolus. Of the systemic glucose disposal, �31 or �41 g
originated from the ingested glucose and �21 or �38 g was derived from the EGP
after the ISO or SUC load, respectively. Considering the amount of ingested glucose
not reaching the systemic circulation because of the uptake by splanchnic tissues,
whole-body glucose disposal will equal �68 or �84 g respectively following ISO
or SUC ingestion (�53 or �80 g of systemic glucose disposal plus �15 or �4 g
of splanchnic glucose disposal). By calculating the differences indicated above,
both systemic and whole-body glucose disposals were respectively �27 and �16 g
(�35 % and �20 %) lower after ISO versus SUC consumption.

5.6 13C-Breath Test

The results of the 13C-breath test provide evidence that glucose from ISO and
SUC is differently metabolized following its entry into cells. Glycolysis represents
an important pathway, which degrades glucose into pyruvate in the cytosol with
subsequent oxidation to CO2 in the mitochondrial membranes and a further CO2

formation in the citric acid cycle. As shown by the recovery of exhaled 13CO2, one
fraction of glucose from either ISO or SUC is finally oxidized to CO2 with a lower
13CO2 breath excretion observed after ISO intake. This can be reasonably explained
by the lower whole-body and systemic glucose disposals following ISO versus SUC
consumption. Because 13CO2 abundance values did not return to baseline at the end
of the 4-h postprandial period, overall breath 13CO2 may have been underestimated.
However, this underestimation can be due to incorporation of labeled 13C into
glycogen or gluconeogenesis. A portion of glucose may undergo non-oxidative
glycolysis, leading to formation of labeled precursors (pyruvate, lactate, or alanine),
which are then transformed into glucose in the liver through the Cori cycle or alanine
cycle.



110 5 Discussion

5.7 Insulin Sensitivity

Tissue glucose disposal can occur either by insulin-dependent or insulin-
independent mechanisms. The latter component, which is determined by the mass
action effect of plasma glucose concentration per se (glucose effectiveness), was
assumed in the calculation of postprandial insulin action in the present study.
This may possibly lead to underestimation or overestimation of SI following
administration of ISO or SUC. However, the calculated SI value was only slightly
affected by changes in glucose effectiveness. For instance, a ˙ 20 % deviation of
the assumed value produces a maximal change of 2–5 % in the estimation of SI .
Thus, the calculation of postprandial insulin action does not largely depend on the
changes in glucose effectiveness. In addition, SI estimation by means of oral glucose
minimal model provides an accurate measurement of insulin sensitivity after an oral
glucose load or a meal ingestion and is as powerful as that obtained from an IVGTT
(Cobelli et al. 2007).

Postprandial insulin action was significantly increased following the oral load
of ISO compared with SUC, indicating that slowly absorbed carbohydrates may
improve insulin resistance in T2DM subjects. With regard to the present findings on
suppressed EGP and increased SGU, improvement may involve hepatic rather than
peripheral insulin action after ISO administration. Systemic glucose disposal may
contribute minimally to the enhanced insulin action, due to a lesser amount of oral
and endogenous glucose that needed to be removed from the systemic circulation
following ISO versus SUC consumption. Thus, ISO exerts a sparing effect on
insulin requirement, which lowers the demand on pancreatic ˇ-cells. Consistent
with these results, a significant reduction of HOMA-IR was observed following
4 weeks consumption of ISO in hyperlipidemic subjects (Holub et al. 2010). Hence,
slowly absorbed carbohydrates may ameliorate insulin sensitivity in T2DM.

Insulin action was lower following consumption of ISO+WS compared to
ISO+C, suggesting that different types of ingested proteins modulate insulin action
differently. Rapidly absorbed protein mixture such as whey/soy reduced insulin
action to a greater extent than slowly absorbed casein. It has been reported that
consumption of protein from animal sources (meat, milk/products, and cheese), but
not from vegetables, is associated with a higher prevalence of diabetes (Sluijs et al.
2010; Pounis et al. 2010). Typically, animal proteins are better digested (Hoffman
and Falvo 2005) and therefore may be absorbed at a faster rate than vegetable
proteins. Moreover, diets rich in protein may have long-term adverse effects on
glycemic control, such as impaired suppression of hepatic glucose output by insulin,
promotion of insulin resistance, and increased gluconeogenesis (Linn et al. 1996,
2000). Excessive protein intake should therefore be avoided.
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5.8 Glucose Infusion Rates

Following the 3-h insulin infusion prior to administration of ISO or SUC, GINF
rates reached a value of �15 �mol=kg=min, indicating a considerable impairment
of insulin action as opposed to the value obtained in healthy subjects under the
same experimental conditions (vs. �25 �mol=kg=min) (Ang et al. 2014). As the
oral glucose derived from both disaccharides was absorbed, exogenous GINF was
reduced appropriately for maintaining euglycemia. Using preliminary data of a
pilot study in T2DM subjects, an algorithm developed by Furler et al. (1986)
has been previously applied in order to simulate the appropriate GINF reduction
for maintaining euglycemia in these subjects. However, this simulation yielded
unreasonable GINF rates (i.e., negative values). Therefore, plasma glucose levels
increased following intake of ISO or SUC, even though the GINF rates were reduced
to minimal values of �3.3 and �1.3 �mol=kg=min, respectively. These results are
consistent with other studies using a combination technique of hyperinsulinemic-
euglycemic clamp and oral OGTT in T2DM patients (Ludvik et al. 1997; Bajaj
et al. 2003).

5.9 Plasma Amino Acid Concentrations

Plasma TAA concentrations increased higher after administration of ISO+WS
compared to those following intake of ISO+C. Differences in the rise of plasma
TAA levels are attributed to the faster absorption of whey compared to casein. Whey
proteins are readily soluble in gastric juice, whereas casein proteins tend to clot
in the stomach due to precipitation by gastric acid, thus slowing gastric emptying
(Boirie et al. 1997).

Overall, postprandial individual amino acid responses were enhanced after
ingestion of ISO+WS as opposed to ingestion of ISO+C. The greatest difference
was seen in the aspartic acid response (�158 %), which is consistent with its content
in whey/soy and casein (12.2 vs. 6.6 g=100 g). Substantial increments of plasma
alanine, leucine, valine, lysine, isoleucine, and threonine were observed in the
present study, confirming previous findings following ingestion of meals or drinks
containing whey in healthy subjects (Hall et al. 2003; Nilsson et al. 2004; Tang
et al. 2009; Veldhorst et al. 2009). The highest increase was observed in the alanine
response, despite the fact that glutamic acid is the most abundant amino acid in
whey/soy and casein. This could be explained by transamination of glutamic acid
to alanine, which occurs during intestinal absorption, followed by the formation of
further metabolic products, such as alpha-ketoglutarate, glutamine, and glutathione
(Stegink et al. 1983; WHO 1988). In addition, conversion of glutamine to alanine
may increase due to substantial alterations of glutamine and alanine metabolism in
T2DM (Stumvoll et al. 1996).
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5.10 Limitations

Several limitations of the methods used in the present ISO/SUC-Clamp Study need
to be taken into consideration. Most of the T2DM patients were insulin resistant
as indicated by the relatively low GINF rates prior to ISO or SUC load. Thus,
following ingestion of both disaccharides, plasma glucose concentrations increased
in these patients, even though the GINF was reduced to near zero. Nevertheless,
application of double-tracer approach enabled accurate measurement of systemic
glucose appearance and disappearance, and distinction between endogenous and
exogenous glucose release into the systemic circulation.

Although the dual-isotope method pioneered by Steele et al. (1968) is reliable in
a steady-state condition, calculation of glucose turnover rates are less accurate under
non-steady states. Marked decreases in plasma [6,6-2H2]glucose TTR, particularly
following SUC intake, may result in an overestimation of systemic glucose appear-
ance. Because the Steele’s 1-CM approach with a constant pV has been criticized for
lacking accuracy of measuring glucose kinetics under non-steady states, a varying
pV was applied yielding estimations that were closely to the results calculated
with the Mari’s 2-CM. The latter one is precise in measuring glucose kinetics at
disequilibrium (Basu et al. 2003).

Another possible limitation is the hyperinsulinemic condition induced by insulin
infusion prior to administration of ISO or SUC. Insulin infusion increased basal
plasma insulin to physiological levels (�350 pmol=L), exerting action on glucose
disposal and glucose production. Plasma glucose, C-peptide, and glucagon concen-
trations decreased respectively �30 %, �60 %, and �45 % prior to ISO or SUC
load. Thus, the influence of insulin infusion on the moderate increase in plasma
glucose levels and changes in the total rates of glucose kinetics following ISO
intake cannot be excluded. Despite of this limitation, the present findings indicate
that slowly absorbed carbohydrates are useful for controlling excessive postprandial
hyperglycemia in T2DM patients. Because glucose is absorbed slowly from the
gastrointestinal tract, GLP-1 secretion is triggered extensively, causing reduced
glucagon release and increased insulin-to-glucagon ratio, which concomitantly
shift endogenous glucose towards a lower production. Lower endogenous insulin
secretion may preserve ˇ-cell function. All of these actions contribute to improve
glycemic control in individuals with T2DM.

5.11 High Protein Diets in Type 2 Diabetes Mellitus

Epidemiological studies strongly suggest that higher protein intake is associated
with an increased risk for T2DM (Sluijs et al. 2010; Pounis et al. 2010; Wang
et al. 2010; Tinker et al. 2011). Replacing 5 % of dietary energy derived from
carbohydrate or fat with protein increased diabetes risk by �30 % in the EPIC-
NL cohort during a 10-year follow-up of 38,094 participants (Sluijs et al. 2010).
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In another study, a 20 % higher protein consumption was associated with an 82 %
higher risk of diabetes in a total of 74,155 postmenopausal women (Tinker et al.
2011). In the Insulin Resistance Atherosclerosis Study, dietary pattern was found
to be strongly associated with the risk of developing T2DM in 880 middle-aged
participants over a 5-year follow-up, independent of age, sex, race/ethnicity/clinic,
family history of diabetes, basal glucose tolerance status, energy expenditure,
smoking, and energy intake. Dietary pattern characterized by higher intakes of
various proteins, such as red meat, low-fiber bread and cereal, dried beans, eggs,
cheese, and cottage cheese, increased the odds of developing diabetes by more
than 4-fold (Liese et al. 2009). Thus, these studies emphasize the importance of
monitoring and avoiding excessive protein intake in the prevention, reduction, and
management of T2DM.

Dietary protein intake in diabetic patients usually ranges between 15–20 % of
total daily energy in most industrialized countries, which corresponds to 1.3–
2.0 g=kg body weight and represents an intake that exceeds the recommended daily
amount of 0.8 g=kg body weight. Currently, there are no guidelines addressing
protein quality for the management of diabetes (Mann et al. 2004; Evert et al. 2014).
Present findings suggest that ingestion of fast absorbed protein mixtures may not
be recommended for glycemic control of T2DM patients. Long-term effects of the
consumption of proteins with different absorption rates remain to be investigated.

5.12 Benefits of Low Glycemic Index Diet

Slowly absorbed ISO or addition of ISO to both proteins increased plasma glucose
and insulin levels moderately. Incremental peak glucose and insulin levels were
higher in previous studies with diabetic patients (Gannon et al. 1988, 1992; van
Loon et al. 2003; Manders et al. 2005, 2006) but were similar after a lunch
meal containing mashed potatoes and whey (Frid et al. 2005) compared to the
present study (�5–10 vs. �3.5 mmol=L and �500–1700 vs. �120–380 pmol=L,
respectively). Since the amounts of ingested carbohydrate (�45–60 g) and protein
(�25–30 g) were comparable (Gannon et al. 1988, 1992; Manders et al. 2006; Frid
et al. 2005), part of the variation in publications may be explained by the different
carbohydrate sources (glucose, maltodextrin, or mashed potatoes). Altogether,
modulating the type of carbohydrates in the diabetic diet is effective in controlling
postprandial hyperglycemia. Results of meta-analyses support the use of low GI
foods in the metabolic control of diabetic patients (Brand-Miller et al. 2003; Thomas
and Elliott 2010).

Daily regular consumption of 50 g ISO over 12 weeks did not affect glycemic
control assessed as HbA1c but significantly lowered plasma triglyceride levels in
free-living T2DM patients in addition to their standard antidiabetic treatment as
opposed to SUC consumption (Brunner et al. 2012). As indicated by the authors
of the study, ISO and SUC constituted only �10 % of the total calorie intake,
representing an overall reduction of GI by �6 units, which was obviously minor to
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evoke distinct effects on metabolic control within a mixed diet. Additionally, results
of the combined uptake of carbohydrates with proteins indicate that dietary proteins
modify insulin and glucose responses, and may therefore affect glycemic control as
well.

Long-term studies have shown some beneficial effects of a low GI diet compared
with a high GI diet in subjects with IGT and T2DM. These include lower glucose
and insulin responses, improved lipid profiles and capacity for fibrinolysis, as well
as increased glucose disposal in T2DM patients consuming similar energy intake
and macronutrient composition (Järvi et al. 1999; Rizkalla et al. 2004). In obese
subjects with IGT, regular low GI diet has been reported to increase disposition
index, which is known as an index for ˇ-cell function (Wolever and Mehling 2002),
and ameliorate pancreatic ˇ-cell and intestinal K-cell functions (Solomon et al.
2010).

5.13 Conclusions and Outlook

The results of this work provide novel and comprehensive details on the effects of
ISO consumption on postprandial glucose homeostasis in T2DM. ISO is completely
but absorbed significantly slower into the blood circulation as opposed to SUC. This
is associated with a greater release of GLP-1 hormone, which inhibits glucagon
secretion and shifts toward increased insulin-to-glucagon ratio. Consequently,
ingestion of ISO attenuates oral and endogenous glucose release into the systemic
circulation, enhances first-pass glucose extraction by splanchnic tissues, and thus
decreases overall postprandial glucose flux compared with ingestion of SUC in
T2DM subjects. Insulin action is enhanced concomitant to inhibition of EGP and
elevation of first-pass SGU. Because of a lower amount of glucose entering the
systemic circulation, a lesser quantity of glucose needs to be disposed from the
circulation following ISO versus SUC intake.

Based on the results above, it can be concluded that three important factors
affect the magnitude of postprandial glucose excursions: oral glucose appearance,
endogenous glucose release, and initial SGU. The extent of these factors can be
substantially improved by consumption of slowly as opposed to rapidly absorbed
carbohydrates in T2DM.

Ingestion of ISO combined either with whey/soy or casein elevates postprandial
insulin levels, but reduces insulin action, and therefore does not improve plasma
glucose concentrations compared to ingestion of ISO only in T2DM subjects.
Whey/soy proteins increase plasma insulin concentrations, which are associated
with enhanced plasma amino acid levels, but concomitantly decrease insulin action
compared to casein protein. Thus, different types of proteins modulate insulin
response and insulin action differently. A fast-absorbing protein reduces insulin
action to a greater extent than a slow-absorbing protein, indicating the importance
of monitoring excessive protein intake, as well as the types of proteins, for glycemic
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control of T2DM patients. However, in recent years, low-carbohydrate high-protein
diet approaches have gained wide popularity for weight loss in T2DM (Larsen et al.
2011).

Taken together, these results suggest that modulating the types of carbohydrates
is effective for controlling postprandial hyperglycemia in T2DM. Therefore, slowly
absorbed carbohydrates should be included in the dietary management of T2DM
individuals. To broaden understanding of the mechanisms of action of slowly
absorbed carbohydrates on postprandial glucose homeostasis, future research should
focus on characterizing the route of postprandial glucose disposal including glycol-
ysis, gluconeogenesis, and glycogen formation in T2DM because knowledge in this
area is scarce. It is of interest to explore if other slowly absorbed carbohydrates
also exert similar effects on postprandial glucose homeostasis. Future research
using other carbohydrate sources will be encouraged. Finally, long-term studies are
important and necessary to confirm those findings.



Chapter 6
Summary

T2DM is characterized by chronic fasting and postprandial hyperglycemia, which
result from impaired insulin secretion and diminished insulin action. Epidemio-
logical evidence suggests that controlling postprandial plasma glucose excursions
is important in order to reduce the development of long-term cardiovascular
complications in T2DM individuals. A low GI diet has been reported to improve
glycemic control effectively. The GI measures the extent to which carbohydrates
affect blood glucose. Carbohydrates with a low GI are usually slowly absorbed,
producing delayed gradual increases in blood glucose and insulin levels. For
example, ISO, an isomer of SUC, is digested slower than other sugars such
as SUC or maltose. Consumption of ISO attenuates postprandial glucose and
insulin levels compared with SUC in healthy, impaired glucose-tolerant, and T2DM
subjects. The mechanisms by which ISO limits postprandial hyperglycemia have
not been clarified. Besides, there is evidence to suggest that a combined uptake of
carbohydrates with proteins triggers additional insulin secretion. However, results
have been inconclusive in regard to the effects of insulin stimulation on glucose
homeostasis in T2DM subjects. It remains unclear whether a combined load of
protein and slowly digested ISO could improve postprandial glucose response in
these subjects.

The objectives of this work were therefore to characterize the mechanisms and
effects of ISO administration on postprandial glucose metabolism compared with
SUC in T2DM subjects and to investigate the effects of co-ingestion of ISO and
proteins on glucose and insulin responses in these subjects.

Two short-term studies with randomized, double-blinded, and crossover design
were applied. In the ISO/SUC-Clamp Study, eleven T2DM subjects underwent
initially a 3-h euglycemic-hyperinsulinemic (0.8 mU=kg=min) clamp that was
subsequently combined with 1 g=kg body weight of an oral 13C-enriched ISO or
SUC load. Hormonal responses and glucose kinetics were analyzed during a 4-h
postprandial period. In the ISO-Protein Study, thirty T2DM subjects consumed 50 g
of ISO combined either with a mixture of 21 g whey/soy or with 21 g casein on
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separate days. In another experiment, the subjects consumed only 50 g ISO. Plasma
glucose and insulin responses were measured over a 4-h postprandial period.

The results of the ISO/SUC-Clamp Study showed that absorption of ISO was
prolonged by �50 min compared with SUC (P D 0:005). Plasma responses of
insulin, C-peptide, glucagon, and GIP were �50–80 % lower (P < 0:01); by
contrast, GLP-1 was �170 % higher following administration of ISO (P < 0:001),
which resulted in an increase in insulin-to-glucagon ratio compared with SUC
(P < 0:001). Cumulative amount of systemic glucose appearance was �35 % lower
after ISO versus SUC consumption (P D 0:003), due to reduction of oral and
endogenous glucose release (P < 0:001) and a higher first-pass SGU (P D 0:003).
Insulin action was enhanced after intake of ISO compared with SUC (P D 0:011). In
the ISO-Protein Study, no significant differences in plasma glucose responses were
observed after ingestion of ISO alone, ISO+WS or ISO+C (P D 0:239). Compared
to ingestion of ISO alone, insulin response was �190–270 % higher (P < 0:001),
whereas insulin action was lower after ingestion of ISO+WS or ISO+C (P < 0:01).

In summary, ingestion of slowly absorbed ISO significantly attenuated post-
prandial oral and endogenous glucose release, increased SGU, and thus reduced
overall postprandial glucose flux compared with ingestion of rapidly absorbed SUC
in T2DM subjects. The enhanced GLP-1 secretion observed after ISO ingestion
caused inhibition of glucagon release, resulting in enhancement of insulin-to-
glucagon ratio, which in turn increased insulin action concomitant to suppression
of endogenous glucose release and elevation of SGU. Ingestion of ISO+WS
or ISO+C elevated postprandial insulin levels, but reduced insulin action, and
therefore did not improve plasma glucose concentrations compared to ingestion of
ISO only in T2DM subjects. Together, these results suggest that modulating the
types of carbohydrates is effective for controlling postprandial hyperglycemia in
T2DM. Therefore, slowly absorbed carbohydrates should be included in the dietary
management of individuals with T2DM.



Appendix A
Mathematical Analysis

This appendix describes the mathematical derivation of insulin sensitivity index SI .
The derivation is done based on the general formulation of oral glucose minimal
model as introduced by Caumo et al. (2000) and Dalla Man et al. (2002). According
to Caumo et al. and Dalla Man et al., the glucose changes over time PG.t/ and the
changes of insulin action over time PX.t/ are defined as follows

( PG.t/ D �Œp1 C X.t/� � G.t/ C p1 � Gb C RaO.t/
V I G.0/ D Gb

PX.t/ D �p2 � X.t/ C p3 � ŒI.t/ � Ib�I X.0/ D 0
(A.1)

Both PG.t/ and PX.t/ represent the OGTT model as a dynamical system. The
model can be solved mathematically with the help of Ordinary Differential Equation
solver (ODE-solver) that is provided by the Maple software. The solution for X.t/
is described as follows

X.t/ D C � e�p2t � p3 � ŒIb � I.t/�

p2

(A.2)

The C value can be calculated by applying the initial values of X.t/ and I.t/, which
are X.0/ D 0 and I.0/ D Ib. Applying those values to Eq. A.2 yields a C value of 0.
Therefore, the equation can be re-written as follows

X.t/ D �p3 � ŒIb � I.t/�

p2

(A.3)

According to Bergman et al. (1979) and Dalla Man et al. (2002), SI is calculated
as the ratio of p3 to p2 and is written as

SI D p3

p2

(A.4)
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The ratio p3=p2 in Eq. A.3 can be substituted by SI according to Eq. A.4. Thus, X.t/
can be calculated as follows

X.t/ D SI.t/ � ŒI.t/ � Ib� (A.5)

Applying X.t/ from the Eq. A.5 to PG.t/ of the Eq. A.1 yields

PG.t/ D �Œp1CSI.t/ � ŒI.t/�Ib�� � G.t/Cp1 � GbCRaO.t/

V
(A.6)

Eq. A.6 is then derived mathematically step-by-step as follows

PG.t/ D �Œp1 C SI.t/ � ŒI.t/ � Ib�� � G.t/ C p1 � Gb C RaO.t/

V

Œp1 C SI.t/ � ŒI.t/ � Ib�� � G.t/ D � PG.t/ C p1 � Gb C RaO.t/

V

p1 C SI.t/ � ŒI.t/ � Ib� D
RaO.t/

V C p1 � Gb � PG.t/

G.t/

SI.t/ � ŒI.t/ � Ib� D
RaO.t/

V C p1 � Gb � PG.t/

G.t/
� p1

Finally, SI is described mathematically as functions of I.t/, G.t/, PG.t/, and RaO.t/.
SI is then defined as

SI.t/ D 1

I.t/ � Ib

"
RaO.t/

V C p1 � Gb � PG.t/

G.t/
� p1

#
(A.7)
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