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Gluconeogenesis, the metabolic process through which glucose or glycogen is 
synthesized from noncarbohydrate substrates, is critical for maintaining the 

plasma glucose level within a narrow range either in the fed or fasting (nutritional 
deprivation) state. Dysregulation of this pathway usually causes severe or even 

fatal outcomes. This book discusses a series of up-to-date topics about this critical 
process, including the fundamental biochemical reactions of glucose metabolism, 

the glucogenesis process in eukaryotic cells using the Dictyostelium discoideum as a 
model, the role of “gut-brain-liver axis” in the control of glucose homeostasis, and the 
new mathematic model for the monitoring and prediction of blood glucose. This book 
is written by international scientists with expertise in the study of gluconeogenesis. 
By presenting a clear and succinct review of the fundamentals of gluconeogenesis, it 
is expected to draw more attentions and stimulate more scientists to dedicate their 

researches in revealing the mechanism and its application of gluconeogenesis.
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Preface

Glucose homeostasis is intricately regulated in human body. Dysregulation of glucose ho‐
meostasis results in a number of diseases or multiorgan complications. Gluconeogenesis, the
metabolic process by which glucose or glycogen is synthesized from noncarbohydrate sub‐
strates, is especially important for maintaining the plasma glucose level within normal
range during the fasting or nutrition deprivation state. In the past several decades, the
knowledge of gluconeogenesis has been rapidly growing. This book aims to provide an
overview on the topic of gluconeogenesis, its regulation, and impact on the glucose homeo‐
stasis. The authors discuss gluconeogenesis from different aspects and hope to enhance a
clear understanding of this critical and complex biochemical process.

This book mainly contains four chapters focusing on the topic "gluconeogenesis." Chapter 1
begins with an overview of carbohydrate and its transport mechanisms using different
transporters. General knowledge of glucose metabolism is then reviewed, including glycoly‐
sis, oxidative decarboxylation, Krebs cycle, electron transport chain, glycogenesis, glycoge‐
nolysis, and gluconeogenesis. The roles of peripheral tissues and hypothalamic-pituitary
axis in glucose homeostasis are also addressed. Chapter 2 introduces the carbohydrate me‐
tabolism in a simple eukaryotic microorganism called Dictyostelium discoideum. It presents
the metabolic details of the gluconeogenesis in eukaryotic cells and addresses the develop‐
mental stages of Dictyostelium discoideum. In the end, how gluconeogenesis process affects
the size of the aggregates and differentiation stages is also discussed. Chapter 3 first outlines
the definition of "gut-brain-liver axis" and discusses the gut-DVC-liver axis and the gut-hy‐
pothalamus-liver axis, respectively. It then discusses the regulation of glucose homeostasis
by distinct gut hormones, such as GLP-1 and ghrelin. The final section addresses the impor‐
tance of hypothalamic hormonal signaling and nutrient sensing in glucose metabolism.
Chapter 4 focuses on the application of bioinformatics and computational biology in artifi‐
cial pancreas. The author addresses modeling of blood glucose dynamics, development of
blood glucose prediction algorithm, and its approbation on clinical data.

I am very grateful for the contributions from these outstanding scientists and hope that this
book will stimulate all scholars to dedicate their research in revealing the relevant mecha‐
nism and its application of gluconeogenesis. I would also like to thank Ms. Andrea Korić
and Ms. Ušljebrka for their great efforts in the book planning and editing during the process
of book publication.

Dr. Weizhen Zhang
Professor of Physiology
Department of Surgery

University of Michigan Medical Center
USA





Chapter 1

Introductory Chapter: Gluconeogenesis

Weizhen Zhang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69801

Glucose, a prominent metabolic fuel in mammals, is the precursor for synthesis of all the other 
carbohydrates, such as glycogen, ribose, glycolipids, and glycoproteins. Blood glucose  levels 
need to be maintained within a relatively narrow range, which is defined as the glucose 
homeostasis. This stable equilibrium of blood glucose levels is achieved by a balance between 
the dietary glucose uptake, endogenous glucose production, glucose partition, and glucose 
utilization. Derangement of blood glucose could cause severe outcomes. Hypoglycemia may 
lead to brain dysfunction, and if more severe, even death. Acute hyperglycemia sometimes 
reflects stressed clinical conditions such as injury or infection with poor outcomes. Chronic 
elevation of blood glucose causes diabetes, which results from impairment of organism glucose 
homeostasis.

The contribution of endogenous glucose production includes gluconeogenesis and glycoge‐
nolysis. Gluconeogenesis is the metabolic process in which glucose is produced from certain 
noncarbohydrate carbon substrates. These substrates include the breakdowns of proteins and 
lipids such as amino acids, lactate, and glycerol. Liver and kidney are two important tissues 
of gluconeogenesis, which are responsible for maintenance of normal blood glucose level in 
the fasting state or starvation. Although small intestine also expresses the key gluconeogenic 
enzymes, it is still not clear whether this organ produces glucose in the fasting state. Insulin and 
glucagon are two counteracting hormones critical for the regulation of gluconeogenesis. These 
hormones can act acutely to alter the enzyme activity or chronically through gene expression. 
In addition to the peripheral targets, these hormones have been recently identified to also act 
through the hypothalamic neurons. Hypothalamic centers involved in the control of endog‐
enous glucose production can constantly sense fuel availability by integrating inputs from cir‐
culating nutrients and gluconeogenic hormones. In response to these peripheral signals, the 
hypothalamus sends out efferent impulses to alter hepatic gluconeogenesis, thus keeping blood 
glucose levels in the normal range. Disruption of this intricate neural control may contribute to 
defects of glucose homeostasis and insulin resistance in type 2 diabetes and obesity [1].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



This book aims to provide an overview on the gluconeogenesis, its regulation, and impact 
on the glucose homeostasis. The first chapter addresses the fundamental process by which 
glucose homeostasis is maintained. In this chapter, mechanisms by which glucose is trans‐
ported into cells are first reviewed. The first rate‐limiting step of glucose metabolism is the 
transport of monosaccharides into cells. This is achieved by three classes of glucose trans‐
porters: the facilitative glucose transporters, the sodium‐glucose co‐transporters, and sweet 
family, also known as PQ‐loop, Saliava or MtN3 family. The second section provides a com‐
prehensive summary on the critical biochemical processes of glucose metabolism within cells 
with focus on gluconeogenesis. The roles of distinct tissues such as pancreas, liver, kidney, 
and hypothalamic‐pituitary axis in the glucose homeostasis are fully discussed in the last 
section. In addition to the classical hormones, insulin and glucagon, pancreatic islet cells 
also secrete somatostatin, amylin, and pancreatic polypeptide (PP). All these hormones are 
critically involved in the regulation of glucose metabolism in three major metabolic tissues 
including liver, adipose tissue, and skeletal muscle. Glucose transport and metabolism, in 
particular gluconeogenesis, in liver and kidney are comprehensively addressed. The hypo‐
thalamic‐pituitary‐adrenal (HPA) axis in the control of glucose homeostasis and its relation to 
the regulation of reproduction are reviewed at the end.

The second chapter provides a comprehensive overview on the biochemical process of 
gluconeogenesis in eukaryotic cells using the Dictyostelium discoideum as a model. This 
chapter opens with the introduction on the general biochemical process of gluconeogen‐
esis in the eukaryotic cells. This is followed by an overview on how gluconeogenesis affects 
the developmental stages of D. discoideum and the differentiation process of Myxamoebae. 
Grown as single cells, D. discoideum develops as multicellular organisms. The metabolic 
pathway and its signaling regulation are similar to that presented in plants and animals. 
D. discoideum is thus the best biological system to study the molecular pathways like gly‐
colysis or gluconeogenesis relative to the mammalian system.

The third chapter provides a comprehensive review on the gut‐brain‐liver axis and its role in 
the control of glucose homeostasis. The current knowledge on the gut‐brain interaction and 
its precise control on hepatic gluconeogenesis is provided, with focus on the gastrointestinal 
hormones and hypothalamic neuronal signaling. In this chapter, the gut‐dorsal vagal com‐
plex‐liver axis and the gut‐hypothalamus‐liver axis are first introduced. The molecular mech‐
anism underlying the central neuronal regulation of hepatic gluconeogenesis is addressed. 
As the regulatory center for glucose homeostasis, hypothalamic neurons integrate periph‐
eral hormone signals and nutrient levels to coordinate the hepatic glucose production. As 
proposed by Rojas and Schwartz [2] in the two‐compartment model, the hypothalamus may 
thus be considered as another key organ critical for glucose homeostasis in addition to the 
pancreatic islets.

The fourth chapter addresses the new mathematical model for monitoring and prediction of 
blood glucose. It provides a comprehensive overview on the mathematical modeling of blood 
glucose dynamics, development of blood glucose prediction algorithm, and its approbation 
on clinical data. This predictive algorithm is based on the Sigma‐model. It estimates the differ‐
ence between theoretical and experimental tracks with possibility of further correction. Blood 
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glucose prediction algorithm allows for detection of incorrect measurements and correction 
spikes on blood glucose track, allowing patients to avoid incorrect insulin infusion or glucose 
intake. In addition, the algorithm can alert about closed‐loop blood glucose control system 
failures. It allows patients to detect damage or cross‐clamping of insulin pump infusion set 
and actualize meal data.
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Chapter 2

Glucose Homeostasis

Leszek Szablewski

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67222

Abstract

Glucose is the main and preferred source of energy for mammalian cells. Mammalian 
cells need glucose constantly. Long-lasting disturbances in blood glucose concentrations 
can cause diseases and death. Therefore, blood glucose concentrations must be within 
narrow limits. The process of maintaining blood glucose at a steady-state level is called 
glucose homeostasis.

Keywords: glucose homeostasis, glucose metabolism, pancreas, liver, kidney, 
hypothalamic-pituitary axis

1. Introduction

Carbohydrates play several roles in the metabolic processes and as structural elements of 
living organisms. An essential substrate for all mammalian cells is monosaccharide, glucose. 
In human glucose is obtained directly from the diet or by synthesis in the liver and kid-
ney. Monosaccharides are transported across the intestinal wall to the portal vein and then to 
liver cells and other tissues. Monosaccharides play a role as a precursor of fatty acids, amino 
acids, and glycogen. They are also oxidized by the various catabolic pathways of cells, play 
an important role in the synthesis of pentose sugars for DNA and RNA, as well as generate 
NADPH + H+ for the synthesis of lipids.

2. Transport of monosaccharides into cells

In the first step of carbohydrate metabolism, monosaccharides are transported across the 
plasma membranes. Due to hydrophilic nature of glucose and other monosaccharides, 
the lipid bilayer of plasma membrane is impermeable for these substances. Therefore, 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



monosaccharide transport across the plasma membrane is mediated via membrane trans-
port proteins called glucose transporters.

In human, there are three classes of glucose transporters: the facilitative glucose transport-
ers, the sodium-glucose cotransporters, and SWEETs. However, these transporters are named 
“glucose transporters”; they transport not only glucose but also other substances such as fruc-
tose, fucose, xylose, vitamins, ions, etc. GLUT1 was also suggested to be receptor for human 
T-lymphotropic virus (HTLV) and plays an essential role in CD4 T-cell activation

2.1. The GLUT family

GLUT proteins are encoded by the SLC2 genes. These proteins are members of the major 
facilitator superfamily (MFS) of membrane transporters. These transporters are uniporters. 
They facilitate the diffusion of substrates across cellular membranes along a concentration 
gradient [1, 2]. The GLUT family comprises 14 isoforms GLUT1–GLUT12, GLUT14, and 
HMIT (GLUT13). HMIT is the proton-driven myoinositol transporter.

The human GLUT proteins are comprised of about 500 amino acid residues. They are pre-
dicted to possess 12 transmembrane-spanning α-helices and a single N-linked oligosaccharide 
[4]. The cytoplasmic domain contains a short N-terminal segment, a large intracellular loop 
between transmembrane domains 6 and 7, and a large C-terminal segment. The sequences 
among members of family are 14–63% identical and 30–79% conservative [5]. Sequence align-
ments of all members reveal several highly conserved structures [5]. The fact that the trans-
membrane domain primary structure is largely conserved suggests that the glucose channel is 
basically identical in structure among the members of this family [6]. One or more GLUT pro-
teins are expressed in every cell type of the human body. It is highly likely that the major 
substrates for several GLUT proteins have not yet been identified [3].

2.2. The Na+/glucose cotransporters

Sodium-glucose transporters, also known as Na+/glucose cotransporters or symporters, are 
encoded by SLC5 genes. These transporters are members of a larger gene family of sodium/
substrate symporter family (SSSF) that contain a common SSF motif in the fifth transmem-
brane region [7]. There are 12 human genes in the SLC5 family that are expressed in dif-
ferent tissues. These cotransporters transport substrates via a secondary active transport 
mechanism. SGLTs do not directly utilize ATP to transport glucose against its concentra-
tion gradient; rather, they must rely on the sodium concentration gradient generated by the 
sodium-potassium ATPase as a source of chemical potential [8]. The Na+-electrochemical 
gradient provided by the Na+-K+ ATPase pump is utilized to transport substrate into cells 
against its concentration gradient. Except for SGLT3 which is glucose sensor, all are sodium 
cotransporters [9]. The function of ten are tightly coupled plasma membrane Na+/substrate 
cotransporters for different solutes, one is a Na+/Cl−/Choline cotransporter and one is a glu-
cose-activated ion channel [7].

All members of the SLC5 family code for 60 to 80 kDa proteins contain 580–718 amino acids 
[10]. The genes SLC5 contain 14–15 exons; however, SLC5A7 gene contains 8 exons, and 
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SLC5A3 gene contains 1 exon [7]. SGLTs contain 14 transmembrane α-helices (TMH) with 
both NH2 terminus and the COOH terminus facing the extracellular (luminal) side of the 
cell [11, 12]. The human sodium cotransporters share an amino acid identity of 21–70%. The 
transporter contains a single glycosylation site [11]. Of note, glycosylation is not required for 
functioning of the protein. Phosphorylation sites are suggested between transmembrane heli-
ces 5 and 6 [13] and between transmembrane helices 8 and 9 [14].

2.3. The SWEET proteins

Sugar efflux transporters are essential for the maintenance of human blood glucose levels. 
In mammals, glucose efflux from the liver is crucial for the maintenance of blood glucose 
levels. Chen et al. [15] identified a new class of sugar transporters, named SWEETs. The 
SWEETs are ubiquitously expressed in plant. SWEET belongs to a novel transporter fam-
ily with 17 members in Arabidopsis and 21 in rice [15]. Homologs of SWEETs have also been 
identified in humans (SWEET1) [15]. Although human and animal genomes typically con-
tain only a single SWEET gene, a major exception is Caenorhabditis elegans, which contains 
seven SWEET paralogs [16]. SWEET is a glucose uniporter.

The human SWEET1 is expressed in the oviduct, epididymis, intestine, and β-cell lines [15]. 
It is a candidate for the vesicular efflux from enterocytes, hepatocytes, and β cells [15]. The 
SWEET class of transporters is predicted to have seven transmembrane helices. Eukaryotic 
SWEETs have a predicted topology comprising a repeat of three membrane-spanning domains 
that are connected by an inversion linker helix with extracellular N-terminus and intracellu-
lar C-terminus [15–17]. Cytosolic C-terminus of the SWEETs is very long and may serve as a 
docking platform for protein interactions [18]. C-termini show much less conservation and 
are characterized by extensive length variability [19].

3. General information on glucose metabolism

3.1. Glucose as a source of cellular energy

When energy is needed, glucose is rapidly metabolized to produce adenosine triphosphate 
(ATP), a high-energy product. Glucose is oxidized through a long series of reactions that 
extract the great amount of possible energy from it.

3.1.1. Glycolysis

The first which begins the complete oxidation of glucose is called glycolysis (or Embden-
Meyerhof-Parnas pathway). It is an anaerobic process. During glycolysis, each glucose mol-
ecule is split and converted to two three-carbon units. The next result of glycolysis is the 
production of two pyruvate molecules, two ATP, and two NADH + H+. During glycolysis, the 
cell receives about 5% of the total energy available. In the presence of oxygen, aerobic organ-
isms oxidize pyruvate to CO2 and H2O. In the absence of oxygen, pyruvate can be converted 
to several types of reduced molecules, such as ethanol (e.g., yeast) or lactate (e.g., muscle cells, 
red blood cells). This anaerobic process is referred to as fermentation.

Glucose Homeostasis
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3.1.2. Oxidative decarboxylation

During aerobic metabolism of glucose, pyruvate is transported inside mitochondria, where is 
oxidized. Oxidation of pyruvate to acetyl coenzyme A (Acetyl-CoA) produces two molecules 
of CO2 and NADH + H+.

3.1.3. Krebs cycle

Further series of reactions is collectively called “Krebs cycle,” also known as the “citric acid 
cycle” or the “tricarboxylic acid cycle (TAC).” Through a series of reactions in mitochondria, 
acetyl-CoA is oxidized to CO2. Fuel for the Krebs cycle comes also from lipids (fats) and pro-
teins (amino acids), which produce the molecule acetyl-CoA. If carbohydrates are the fuel for 
Krebs cycle, this cycle occurs twice since each glucose produces two pyruvates and then in the 
process of oxidative decarboxylation two molecules of acetyl-CoA.

3.1.4. Electron transport chain

The oxidative phosphorylation, which occurs in mitochondria, is a series of reactions that 
utilize the energy from NADH + H+ and FADH2. The electrons are successively passed down 
the chain of cytochromes, each time releasing some of their energy, which is then used to 
pump protons actively across the membrane into the matrix down this chemiosmotic gradi-
ent but can only do so through the ATP synthase. The result of the electron transport chain is 
three molecules of ATP, if a donor of protons and electrons is NADH + H+ and one molecule 
of H2O. In the case of FADH2, the result of this process is two molecules of ATP and one 
molecule of H2O.

3.2. Glycogenesis

Glycogenesis is the process of glycogen synthesis from glucose. Glycogen is the storage form 
of glucose. Glycogenesis occurs after a meal, when blood glucose levels are high. All cells 
contain glycogen, but most is stored in liver cells (about 90 g in a 70-kg man) and muscle cells 
(about 350 g in a 70-kg man). In this process, glucose molecules are added to chains of glyco-
gen for storage in mentioned organs.

Glucose-6-phosphate is converted to glucose-1-phosphate by phosphomutase. Sugar-
nucleotide synthesis is a reaction preceding sugar polymerization processes. Uridine 
diphosphate glucose (UDP-glucose) is more reactive than glucose. By itself, this is a read-
ily reversible reaction; however, the subsequent hydrolysis of pyrophosphate to two inor-
ganic phosphates (PPi) will readily occur, and this will drive the reaction over the product 
side.

For the synthesis of glycogen, the starting point is the protein glycogenin. If the chain contains 
more than ten molecules of glucose residues, it acts as a primer for proglycogen synthase 
which elongates primer. The elongation is due to the addition of new glucose molecules to 
the existing chain.

Gluconeogenesis8
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side.
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3.3. Glycogenolysis

When the blood sugar levels fall, glycogen stored in the muscle and liver may be broken 
down. This process is called glycogenolysis. The liver can consume glucose-6-phosphate 
in glycolysis and can also remove the phosphate group using the enzyme glucose-6-phos-
phatase and release the free glucose into the bloodstream. Since muscle cells lack glucose-
6-phosphatase, they cannot convert glucose-6-phosphate into glucose and therefore use the 
glucose-6-phosphate to generate energy for muscle contraction.

3.4. Gluconeogenesis

Gluconeogenesis generates glucose from noncarbohydrate precursors such as lactate, glyc-
erol, pyruvate, and glucogenic amino acids. It occurs primarily in the liver. Under certain 
conditions, such as metabolic acidosis or starvation, the kidney can make small amounts of 
new glucose. When liver glycogen is depleted, the gluconeogenesis pathway provides the 
body with adequate glucose. The major substrates for gluconeogenesis are lactate (formed in 
muscle and red blood cells), amino acids (derived from the muscle), and glycerol (produced 
from the degradation of triacylglycerols). During anaerobic glycolysis, pyruvate is reduced 
to lactate. Lactate is released to the bloodstream and transported into the liver. In the liver 
lactate is converted to glucose, and then glucose is returned to the blood for use by the 
muscle as an energy source. This cycle is termed the Cori cycle. The gluconeogenesis of the 
cycle is a net consumer energy, costing the body four molecules of ATP more than are pro-
duced during glycolysis. The reaction sequence in gluconeogenesis is largely the reverse of 
glycolysis.

Of all the amino acids that can be converted to glycolytic intermediates, alanine is perhaps the 
most important. When the muscle produces large quantities of pyruvate, for example, during 
exercise, some of these molecules are converted to alanine. Alanine is transported to the liver, 
reconverted to pyruvate and then to glucose. This cycle is termed the glucose-alanine cycle. 
The glucose-alanine cycle plays a role in recycling α-keto acids between the muscle and liver 
as well as is a mechanism for transporting amino nitrogen to the liver (the muscle cannot 
synthesize urea from amino nitrogen).

3.5. The pentose phosphate pathway

The pentose phosphate pathway is primarily a cytoplasmic anabolic pathway which converts 
the six carbons of glucose to five carbon sugars and reducing equivalents. Its principal prod-
ucts are NADPH + H+, for reductive biosynthesis reactions within cells, and ribose-5-phos-
phate, for synthesis of the nucleotides and nucleic acids.

The pentose phosphate pathway occurs in the cytoplasm and is an alternative to glycolysis. 
There are two distinct phases in the pathway. The first is the oxidative phase. In this phase, 
two molecules of NADP+ are reduced to NADPH + H+, utilizing the energy from the conver-
sion of glucose-6-phosphate into ribose-5-phosphate. The nonoxidative phase of the pathway 
primarily generates ribose-5-phosphate. This pathway also converts five carbon sugars into 

Glucose Homeostasis
http://dx.doi.org/10.5772/67222

9



both six (fructose-6-phosphate) and three (glyceraldehyde-3-phosphate) carbon sugars which 
can then be utilized by the pathway of glycolysis.

4. Role of the pancreas in the glucose homeostasis

The pancreas plays a key role in the glucose homeostasis. The endocrine and exocrine pan-
creas has a complex anatomical and functional interaction [20]. Glucose metabolism is highly 
dependent on hormones secreted by the islets of Langerhans [21]. To avoid postprandial 
hyperglycemia and fasting hypoglycemia, the body can adjust glucose levels by secreting 
two hormones: insulin and glucagon. These hormones work in opposition to each other [22]. 
There are four major cell types in the pancreatic islets of Langerhans: the β-cells that secrete 
insulin and amylin, α-cells secrete glucagon, δ-cells secrete somatostatin, and PP cells secrete 
pancreatic polypeptide (PPY) [22, 23].

4.1. Insulin

Insulin secretion depends on the circulating glucose concentrations. It is secreted if the blood 
glucose concentration is ≥ 3 mmol/L [24]. Increased circulating glucose levels > 5 mmol/L 
results in increase of output of insulin and C peptide by the β-cells. Postprandially, the 
secretion of insulin occurs in two phases [26]. Long-term release of insulin occurs if glucose 
concentrations remain high [25]. Insulin secretion needs at least two signaling pathways, 
the KATP channel dependent and KATP channel independent, respectively [27, 28]. Glucose 
enters β-cells via GLUT2, which is believed to play a role in glucose-stimulated insulin 
secretion.

Insulin regulates glucose homeostasis at many sites, as for example, reducing hepatic glucose 
output (via decreased glucogenesis and glycogenolysis), inducing a process of glycogenesis 
(liver, muscle), and increasing the rate of glucose uptake, primarily into striated muscle and 
adipocytes. In most nonhepatic tissues, insulin increases glucose uptake by increasing the 
number of plasma membrane GLUT1 and GLUT4.

4.2. Glucagon

Glucagon is a hormone which is secreted by α-cells in response to hypoglycemia. It acts 
as the counter-regulatory hormone to insulin. Pancreatic α-cells contain a special set of 
channels that generate action potentials of Na+ and Ca2+ in the absence or at low levels of 
glucose [29].

Glucagon activates glucose formation and release from the liver to stabilize blood glucose 
[30]. Glucagon stimulates gluconeogenesis and glycogenolysis and decreases glycogenesis 
and glycolysis. It also stimulates gluconeogenesis by stimulation of uptake of amino acids 
in the liver and increases the release of glycerol from adipose tissue which can further 
be used in the liver during gluconeogenesis [31]. An elevated glucagon-to-insulin ratio 
accelerates gluconeogenesis as well as fatty acid β-oxidation and ketone bodies formation 
[30, 32].
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4.3. Somatostatin

Somatostatin is secreted by many tissues, including pancreatic δ-cells, intestinal tract, and 
central nervous system. It is released in response to glucose at lower concentrations than 
β-cells [33]. Somatostatin is a potent local inhibitor adjacent β- and α-cells [34]. Somatostatin 
release is increased in response to glucose stimulation [35, 36] and is Ca2+ dependent [36]. 
Acute administration of somatostatin to animals reduces food intake [37, 38]. Somatostatin 
has been reported to have no direct effect on basal glucose production (gluconeogenesis or 
glycogenesis) in isolated hepatocytes [39], and in vivo it does not alter the basal glucose pro-
duction rate when the levels of insulin and glucagon are maintained [39, 40]. The portal vein 
insulin and glucagon levels were significantly decreased by somatostatin infusion [40].

4.4. Amylin

Amylin is produced by β-cells and stored in their secretory granules. It is co-secreted with 
insulin from pancreatic β-cells in response to glucose as same as insulin [41], in a roughly 
about 1:10 amylin/insulin ratio [42]. Plasma amylin levels are low during fasting and increase 
during meals and following glucose administration, and the levels are directly proportional 
to body fat [42]. Amylin participates in glucose homeostasis by two mechanisms: retarding 
gastric emptying in dose-response manner [43] and suppressing postprandial glucagon secre-
tion [43, 44]. There is also evidence that amylin functions as an adiposity signal in addition to 
a satiety signal.

4.5. Pancreatic polypeptide (PPY)

The pancreatic polypeptide (PP) is produced predominantly by F cells (PP cells). Circulating 
PP concentrations increase following nutrient ingestion in a biphasic manner in proportion 
to the caloric load [45]. The secretion of PP during meals requires an intact vagus nerve. 
Pancreatic polypeptide affects metabolic functions including glycogenolysis and decreases 
fatty acid levels [46]. It also inhibits pancreatic secretion.

5. Role of the liver in the glucose homeostasis

The liver plays a major role in blood glucose homeostasis by maintaining a balance between 
the uptake and storage of glucose via glycogenolysis and gluconeogenesis. The liver is the pri-
mary organ for glucose metabolism. About 90% of all circulating glucose not derived directly 
from the diet comes from the liver. Hepatocytes take up glucose by GLUT2 in the presence 
of high concentrations of glucose. In hepatocytes, glucose is phosphorylated by glucokinase 
to glucose-6-phosphate. From glucose-6-phosphate, the glucose is directed into glycogenesis, 
the pentose phosphate pathway, or glycolysis.

In response to ingestion of glucose and the resulting hyperinsulinemia and hyperglycemia, 
the fasting liver shifts from net output to net uptake of glucose. Healthy human adults ingest-
ing 75 g glucose exhibited peak plasma glucose and insulin concentrations of 7.8 mmol/L and 
325 pmol/L, respectively [47]. Key enzymes in opposing metabolic pathways, glycolysis, and 
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glycogenesis must be regulated for net flux in the appropriate direction to be achieved. The 
net glucose release is the result of two simultaneously ongoing pathways that are tightly regu-
lated. Two enzymes specific for gluconeogenesis are opposed to the glycolytic enzymes. These 
enzymes regulate substrate cycles between gluconeogenesis and glycolysis. Glycogenolysis 
occurs within 2–6 hours after a meal in humans, and gluconeogenesis has a greater impor-
tance with prolonged fasting [48].

The rate of gluconeogenesis is controlled principally by the activation of gluconeogenic enzyme 
genes that are controlled by glucagon, glucocorticoids, and the interleukin-6 family of cytokines 
[48]. Insulin decreases gluconeogenesis by suppressing the expression of phosphoenolpyruvate 
carboxykinase and glucose-6-phosphatase, and glucagon and glucocorticoids stimulate glucose 
production by inducing these genes [49]. Glucagon is a regulator of hepatic glucose production 
during fasting, exercise, and hypoglycemia. It also plays a role in limiting hepatic glucose uptake. 
In response to a physiological rise in glucagon, hepatic glucose production is rapidly stimulated. 
This increase in hepatic glucose production is due to an enhancement of glycogenolysis, with lit-
tle, or no, acute effect on gluconeogenesis [50]. The liver can release of glucose into the circulation. 
The skeletal muscle releases lactate, from where it can shuttle back to the liver (the Cori cycle).

The newborn mammals are in a transitional state of glucose homeostasis [51]. The diet of 
neonate is a low-carbohydrate, high-fat milk diet. The neonate must oxidize the stored liver 
glycogen, which is synthesized in the final days of gestation [51]. The initiation of hepatic gly-
cogenolysis and gluconeogenesis in the first postnatal hours is critical for the maintenance of 
glucose homeostasis at this time [52]. Fetal life is characterized by chronic hyperinsulinemia. 
At birth hyperinsulinemia continues briefly and is one of the factors involved in the natural 
delay in hepatic glycogenolysis [53]. Counter-regulatory hormone actions are vital for the 
reversal of the postnatal hypoglycemia and for establishing glucose homeostasis at this time. 
Glucagon released in response to the postnatal hypoglycemia is responsible for initiation gly-
cogenolysis and switching on hepatic gluconeogenesis [52].

6. Role of the kidneys in the glucose homeostasis

The human kidney is involved in the regulation of glucose homeostasis via three mechanisms: 
release of glucose into the circulation via gluconeogenesis, uptake of glucose from the circu-
lation, and reabsorption of glucose from glomerular filtrate to conserve glucose carbon [54]. 
The kidney is unable to release glucose through glycogenolysis [55]. Glucose utilization occurs 
predominantly in the renal medulla. These enzymes can take up, phosphorylate, glycolyse, 
and accumulate, but cannot release, free glucose into the circulation. Glucose release is con-
fined to the renal cortex [56]. Cells in the renal cortex possess gluconeogenic enzymes, and 
they can release glucose into circulation [57, 58]. The main precursor for renal glucogenesis is 
lactate [57]. Obtained results revealed that lactate is the most important renal gluconeogenic 
substrate followed by glutamine and glycerol [59]. Renal conversion to glucose of these precur-
sors accounted for ~ 50, 70, and 35%, respectively, of their overall systemic gluconeogenesis 
[57]. After an overnight fast, 20–25% of glucose released into the circulation derives from the 
kidneys [54].
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Renal glucogenesis is chiefly regulated by insulin and adrenaline. Insulin reduces renal glu-
coneogenesis and reduces the availability of gluconeogenic substrates, thus reducing glu-
cose release into circulation [60]. On the other hand, insulin stimulates renal glucose uptake 
[61]. Adrenaline stimulates renal glucogenesis and glucose release and reduces renal glucose 
uptake [60]. It was shown in animal studies that glucagon increases renal glucose release into 
circulation.

With a daily glomerular filtration rate of 180 L, approximately 162 g of glucose must be reab-
sorbed each day to maintain a normal fasting plasma glucose concentration of 5.6 mmol/L 
[62]. Reabsorption of glucose in the proximal tubule is mediated by glucose transporter pro-
teins that are present in cell membranes. SGLTs mediate active transport of glucose. SGLT2, 
which is in the convoluted section on the proximal tubule (S1), is considered most important. 
It is responsible for reabsorbing 90% of the glucose filtered at the glomerulus. SGLT1, which 
is found in the straight section of the proximal tubule (S3), contributes to the other 10% of 
glucose reabsorbed in the proximal tubule [63]. GLUT proteins are expressed at the basolat-
eral membrane of the epithelial cells. These transporters release into circulation the glucose 
reabsorbed by SGLTs in the tubular cells. Glucose reabsorbed by SGLT2 is then released into 
the circulation via GLUT2 and reabsorbed by SGLT1 [64]. In the postabsorptive setting after 
an overnight fast, the kidneys utilize approximately 10% of all glucose utilized by the body. 
After meal ingestion, their glucose utilization increases in absolute sense [54].

7. Role of the hypothalamic-pituitary axis in the glucose homeostasis

The role of the brain to control glucose homeostasis was introduced in 1964 [65, 66]. Energy 
homeostasis is maintained by adapting meal size to current energy requirements. This con-
trol is achieved by communication between the digestive system and central nervous system. 
Two systems regulate the quantity of food intake: short term, which prevents overeating, 
and long term, involved in the energy stores as a fat [67]. Several regions of the brain are 
involved in regulation of food intake and energy homeostasis [68–72]. The hypothalamus is 
the most important locus involved in the neural control peripheral metabolism through the 
modulation of autonomic nervous system activity. The autonomic nervous system modulates 
hormone secretion (insulin and glucagon) and metabolic activity of the liver, adipose tissue, 
and muscle. The hypothalamus is in turn informed of the energy status of the organism. 
This is due to the metabolic and hormonal signals. There are two ways for the hypothala-
mus to signal to the peripheral organs: by stimulating the autonomic nerves and by releas-
ing hormones from the pituitary gland. The hypothalamus consists of three areas: lateral, an 
important region regulating the cessation of feeding [73]; medial; and paraventricular, which 
is involved in the initiation of feeding [74]. In addition to direct neural connections, the hypo-
thalamus can affect metabolic functions by neuroendocrine connections.

In the hypothalamus-pancreas axis, autonomic nerves release glucagon and insulin, which 
directly enter the liver and affect liver metabolism. In the hypothalamus-adrenal axis, auto-
nomic nerves release catecholamines from adrenal medulla, which also affect liver metabo-
lism. The hypothalamus-pituitary axis, which consists of neuroendocrine pathways from the 
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hypothalamus, can also regulate liver functions. The hypothalamus sends signals to the pitu-
itary gland, which release different hormones. Among them, three are thought to be intensely 
involved in the regulation of liver glucose metabolism [75].

The hypothalamic-pituitary-adrenal (HPA) axis referees to a complex set of homeostatic inter-
actions between the hypothalamus, the pituitary gland, and the adrenal gland. The core of 
the HPA axis is the paraventricular nucleus (PVN) of the hypothalamus. The PVN contains 
neurocrine neurons, which synthesize and secrete vasopressin (AVP) and corticotrophin-
releasing hormone (CRH). These two peptides can stimulate the secretion of the adrenocorti-
cotropic hormone (ACTH) from anterior pituitary. In turn, ACTH enters peripheral circulation 
where it reaches the adrenal cortex to induce glucocorticoid hormone production (cortisol). 
Glucocorticoids exert a negative feedback on the paraventricular nucleus of the hypothala-
mus and pituitary to suppress CRH and ACTH production, respectively. Activation of gluco-
corticoids in vivo causes activation of glycogen synthase and inactivation of phosphorylase, 
resulting in glycogen synthesis [76]. Glucocorticoids lead to lipolysis in adipose tissue and pro-
teolysis in the skeletal muscle by inhibiting glucose uptake by these tissues resulting in release 
of glycerol from adipose tissue and amino acids from the muscle [77, 78]. In turn, glycerol and 
amino acids are used as substrates to produce glucose in the liver. Glucocorticoids stimulate 
hepatic gluconeogenesis and antagonize actions of insulin in the liver and muscle, thus tend-
ing to increase glucose levels. The expression of GLUT4 is increased by glucocorticoids in the 
skeletal muscle and adipose tissue. Increased lipolysis may be important in glucocorticoid-
induced insulin resistance. Glucocorticoids inhibit insulin secretion from pancreatic β-cells.

Maintenance of thyroid function is depended on a complex interplay between the hypothal-
amus, anterior pituitary, and thyroid gland (HPT). The thyroid gland is controlled by the 
activity of the hypothalamic-pituitary-thyroid axis. The hypothalamus releases thyrotropin-
releasing hormone (TRH) which stimulates the biosynthesis, and release of thyrotropin (TSH) 
forms the anterior pituitary. TSH stimulates the thyroid gland which releases thyroxine (T4) 
and triiodothyronine (T3) into the circulation. Thyroid hormone action has been long rec-
ognized as a significant determinant of glucose homeostasis [79, 80]. Glucose homeostasis 
appears to be the result of the T3 and insulin synergistic regulation of gene transcription 
involved metabolic pathways of glucose and lipids [81]. T3 regulates a gene expression of 
glucose metabolism (the enzymes for oxidation of glucose and lipids, glucose storage, gly-
colysis, cholesterol synthesis, and glucose-lipid metabolism) [82]. T3 directly stimulates basal 
and insulin-mediated glucose uptake in the rat skeletal muscle. This induction was shown to 
be due primarily to an increase in Glut4 protein expression [83].

Human growth hormone (GH) is an essential regulator of carbohydrate and lipid metabolism. It 
increases indirectly the production of glucose in the liver. Glycerol released into the blood acts as a 
substrate for gluconeogenesis in the liver. GH antagonizes insulin action; increases fasting hepatic 
glucose output, by increasing hepatic gluconeogenesis and glycogenolysis; and decreases periph-
eral glucose utilization through the inhibition of glycogen synthesis and glucose oxidation [84].

The main regulatory factor of reproductive functions is gonadotropin-releasing hormone 
(GnRH), secreted by the hypothalamus. GnRH is a primary stimulator of luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH). In men, LH stimulates testes to synthesis 
and secrete sex hormone, testosterone. In women, FSH acts on the ovary to stimulate and 
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release estrogens. Estrogens are considered in blood glucose homeostasis. Estrogens have an 
adverse effect on carbohydrate metabolism. Administration of estrogens increases the insulin 
content of the pancreas in rats. In β-cells estrogens increase biosynthesis of proinsulin. During 
pregnancy, estrogen receptor integrates information from estrogen, glucose and other nutri-
ents in the blood to regulate insulin gene expression and, therefore, contributes to the main-
tenance of insulin and glucose homeostasis [85]. Estrogen increases expression of glucose 
transporters and glucose transport in blood-brain barrier endothelium. Androgens can influ-
ence body composition, which is associated with insulin sensitivity. Testosterone may affect 
insulin sensitivity. Patients treated with androgen deprivation therapy have elevated glucose 
and increased insulin resistance. Testosterone treatment in hypogonadal men reduces fasting 
insulin. Testosterone activates the glucose metabolism-related signaling pathway in the skel-
etal muscle. The addition of testosterone to the cultured skeletal muscle induces the elevation 
of GLUT4 protein expression and accelerates its translocation from cytosol to plasma mem-
brane. In women, testosterone induces selective insulin resistance in cultured subcutaneous 
adipocytes.
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Abstract

Dictyostelium discoideum or cellular slime mold is simple eukaryotic microorganism, 
which generally grows in forest soil and decaying leaves. This amoeba feeds on bac‐
teria and grows as single cells. The development of Dictyostelium discoideum is simpler 
than that of mammalian cells. It uses many of the same signals that are found to func‐
tion in higher eukaryotic organisms like plants and animals. Dictyostelium discoideum 
is an excellent system in which to study metabolic pathways which are simpler than 
that of the complex systems like mammalian system. Glucose is metabolized in gly‐
colysis to yield pyruvate and lactate and further metabolized in the tricarboxylic acid 
cycle. Glucose can be polymerized into glycogen in addition to glycolysis process. In 
a metabolic pathway, the generation of glucose from certain non‐carbohydrate carbon 
substrates is called gluconeogenesis. In Dictyostelium discoideum, glucose is synthesized 
by the breakdown of pyruvate. Glycogen phosphorylase and amylase break down gly‐
cogen to form glucose. Glycogen synthase and glycogen phosphorylase are the key 
enzymes for the regulation. Both the enzyme equally regulated the process simulta‐
neously, so that when one is activated, the other is deactivated. During gluconeogen‐
esis, glucose is synthesized from pyruvate but sometimes during this process, three 
enzymes, glucose‐6‐phophatase, fructose‐1,6‐bisphosphatase, and phosphoenolpyru‐
vate carboxykinase catalyze an irreversible reaction.
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1. Introduction

An amoeba is very interesting organism to study because it grows as single cells and develops 
as multi‐cellular organisms. They present a range of developmental processes which can be 
used to study of any molecular pathways like glycolysis or gluconeogenesis pathways [1]. 
During evolution, the amoebozoa generated a large number of species which goes through 
the similar developmental stages, from unicellular to multi‐cellular stages [1–4]. The well‐
characterized amoebozoan species is Dictyostelium discoideum, which is easy to study as com‐
pared to mammalian cell [5–7]. D. discoideum uses many similar signals and contains similar 
pathways that are presented in plants and animals [1]. D. discoideum or cellular slime mold is 
simple eukaryotic microorganism which generally grows in forest soil and decaying leaves. 
This amoeba feeds on bacteria and grows as single cells [2, 3]. The development of D. discoi-
deum is simpler than that of mammalian cells.

2. The gluconeogenesis process in eukaryotic cell

Gluconeogenesis is a process by which carbohydrate is synthesized from non‐carbohydrate 
precursors like oxaloacetate and pyruvate (Figure 1). In the first step of the gluconeogenesis 
process, oxaloacetic acid is synthesized from pyruvic acid. On the other hand, in the citric 
acid cycle, oxaloacetic acid reacts with acetyl‐CoA. So, at low concentration of acetyl‐CoA 
and high concentration of ATP, gluconeogenesis proceeds. Gluconeogenesis starts in the 
mitochondria of the cells. In the first step, carboxylation of pyruvate occurs by pyruvate 
carboxylase enzyme and it forms oxaloacetate by using one ATP molecule. Oxaloacetate 
is reduced to malate by using NADH. After this step, the remaining steps of gluconeo‐
genesis process occur in the cytosol. In the next step, malate is oxidized to oxaloacetate 
using NAD+. Oxaloacetate is first decarboxylated, and after that, it is phosphorylated by 
using the enzyme, PEP carboxykinase, and one GTP. In the next step, PEP converted into 
2‐phosphoglycerate, 3‐phosphoglycerate and then 1,3‐bisphosphoglycerate by the enzyme 
enolase, phosphoglycerate mutase and phosphoglycerate kinase, respectively. In the next 
step of this reaction, 1,3‐bisphosphoglycerate converts into glyceraldehyde 3‐phosphate by 
the enzyme glyceraldehyde phosphate dehydrogenase. Now, the glyceraldehyde 3‐phos‐
phate converts into fructose 1,6‐bisphosphate via two ways: one is direct conversion and 
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reaction of the glucose formation occurs inside the endoplasmic reticulum, specifically in 
the lumen, where glucose‐6‐phosphate is hydrolyzed and produces glucose and releases an 
inorganic phosphate [8]. 
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Figure 1. Gluconeogenesis process in the eukaryotic cell.
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3.The developmental stages of Dictyostelium discoideum.

About 80 years ago, Ken Raper isolated D. discoideum from the forest floor at North Carolina 
[9]. He observed that when the cells had a depletion of food, they aggregated into mounds [9]. 
John Bonner showed that when the cells were in the starving condition, they secreted a chemi‐
cal which acts like chemoattractant and the cells responded by moving up the gradient [10]. 
After 20 years, Konijn et al. showed that the chemoattractant was cAMP [11]. After this dis‐
covery, D. discoideum considered as a model organism to study chemotaxis and developmen‐
tal biology. The connection between cell signaling pathways and biochemical pathways was 
established by using this organism. The pathways for cAMP synthesize, the surface receptors 
for cAMP and many other cell signaling to biochemical and molecular biological techniques 
were established by using D. discoideum [12–15]. The developmental stages of D. discoideum 
started from slug‐shaped structures and go till the formation of the fruiting body [1, 2, 16]. 
Pre‐spore and pre‐stalk cells at the slug stage formed spores and stalk cells in fruiting bodies, 
and it was also found that pre‐stalk cells were at the front of the slugs, and pre‐spore cells 
were all in the back [2, 16]. There were 20‐fold differences between the size of slugs and the 
total number of individual cells in each slug. This variation showed that there was some intra‐
cellular signal which determines the proportions of pre‐spore and pre‐stalk cells. Soderbom 
and Loomis showed that the pre‐spore cells synthesize an inhibitor which inhibits pre‐spore 
differentiation, and the pre‐spore cells were resistant to this inhibitor [2, 17, 18]. This mecha‐
nism was responsible for size invariance of the slugs [18]. The amoeba went through three 
cycles when it was facing starvation [7].

3.1. The microcyst

Encystment was a very common process to amoebae, but it was not known for D. discoideum. 
In microcyst stage, each cell elaborated into a two layered cellulose coat and went to the dor‐
mant stage [7].

3.2. The macrocyst

In this stage of the sexual cycle, cells of two mating types fused [2]. Under wet condition, the 
macrocyst form, which had three layered cellulose coat at maturity. After fusion, the cells 
formed giant cells which had at least two nuclei or many nuclei. This fused structure attracted 
other amoebae by chemotaxis to cAMP. The endocytes were formed by engulfing these cells, 
and after that the giant cells produced meiotic offspring [7]. Macrocysts were formed from 
endocytes including hundred of cells.

3.3. Fruiting bodies

The fruiting body was formed through complex and polarized cell movements. In this stage, 
cells were not engulfed to form endocytes because one cell was recognized by the other cell. 
For the formation of fruiting body of D. discoideum, cells did chemotaxis and cells were more 
elaborated and involved a relay mechanism. But this mechanism either suppressed or did not 
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exist during the macrocyst formation. Fruiting body formed by aggregation of one lakh cells. 
In this case, cells were adhesive in nature and moved among each other and able to distin‐
guish between cAMP and other molecules [7].

During mid‐developmental stage, D. discoideum can choose between two different pathways, 
one is from the finger stage, it can directly precede to culmination, or it can fall over to form a 
phototactic, migratory slug. This migratory stage is important for cells to find an appropriate 
site for fruiting body formation [19]. Slugs prefer dark and low ionic strength environment 
[20]. Two cell types were there inside the slug which implied that they were connected with 
the signaling system [7]. Twenty percentage cells died for the formation of the stalk of the 
fruiting body, and eighty percentage cells survive by the formation of spores. Figure 2 repre‐
sents the developmental stages of D. discoideum.

4. Size of the aggregates of D. discoideum is depending upon the 
gluconeogenesis pathway indirectly

The group size of D. discoideum is regulated by a negative feedback pathway mediated by 
counting factor (CF) which consists of at least five protein complexes [24]. During the early 
developmental stage, the counting factor (CF) breaking up the big aggregate of cells to the 
smaller aggregates of about 2 × 104 cells [21]. High levels of CF decrease cell‐cell adhesion and 

Figure 2. Lifecycle of Dictyostelium discoideum.
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also decrease the amplitude of cAMP and increase random motility. The glucose metabolism 
is affected by the CF, and it decreases the CF glucose levels [22]. CF decreases the activity of 
the gluconeogenic enzyme, glucose‐6‐phosphatase, which decreases the level of glucose in 
the cell with the high secretion of CF [23, 24]. In that case, if glucose has been added externally 
then the size of the fruiting bodies get increases [24]. This process alters the intermediates of 
the metabolic pathways, such as pyruvate and lactate [22]. Jang and Gomer showed that, if 
the cells exposed to CF, the CF has very small effect on amylase or glycogen phosphorylase, 
enzymes involved in glucose production from glycogen [24]. On the other hand, it has a huge 
effect on glycolysis pathway. If the CF is high, then it is inhibited the glucokinase activity, but 
it does not regulate phosphofructokinase (enzyme responsible for glycolysis pathways). CF 
showed some effect upon the enzyme involved in a gluconeogenesis pathway such as fruc‐
tose‐1,6‐bisphosphatase and glucose‐6‐phosphatase. The fructose‐1,6‐bisphosphatase is not 
regulated by CF, whereas glucose‐6‐phosphatase is regulated by CF [24].

The size of the terminal structures of D. discoideum is depending upon the cell surrounded by 
the number of cells, so the initiation of development is not started with the significant growth 
of the cell. The secretion of a protein complex is very important to control the size of the aggre‐
gates. Large aggregates initially have higher CF levels which can modify gluconeogenesis, 
and the other metabolic pathways alters the level of metabolites [1, 24]. After that, the level 
of CF drops down which increases cell‐cell adhesion and because of that the random motility 
decreases which stabilize the smaller aggregates.

5. Gluconeogenesis process affected during the differentiation of 
myxamoebae of the cellular slime mold

Myxamoeba is a naked amoeboid uni‐nucleate protoplast that lacks both cilia and flagella. 
In the life cycle of D. discoideum, they had gone through the vegetative state, differentiation 
state as independent amoeboid cells which called as myxamoebae [25]. If the myxamoebae 
was grown in different media, with varying carbohydrate content [26], then the chemical 
composition [27], enzyme composition [28], and physiological behavior [29] got changed 
inside the cell. After that, if these cells put in the moist condition, the cells formed slug [5, 
25]. Carbohydrate content changed inside the D. discoideum at different stages of develop‐
ment [30]. So the gluconeogenesis process alters during the carbohydrate conversion pro‐
cess, the energy was coming from cellular protein, RNA, and dry weight to complete this 
process [25, 30–33].

Wright et al. showed in their kinetic model, the glycogen content of the cell remained constant 
during the early developmental stage but it decreased when the culmination process occurred 
[34]. White and Sussman suggested that the glycogen content of axenic cells was small [30]. 
They also showed that the glycogen initially decreased because of the consumption of the bac‐
terial glycogen for the development of axenically grown myxamoebae. Wright et al. assume 
in their model, during differentiation of D. discoideum, there was no gluconeogenesis process 
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occurs [34]. Cleland and Coe showed some evidence of the presence of gluconeogenesis pro‐
cess during the differentiation of myxamoebae [31]. However, Hames et al. suggested that 
initially, cells had low glycogen but during differentiation, the glycogen content increased 
significantly which depicts that the gluconeogenesis process had a huge effect on the differ‐
entiation mechanism of the cell [25, 35].

In the absence of glucose and the presence of very low concentrations of glycogen, myxamoe‐
bae grow and degrade all the glycogen during 4 h of development [35]. Glycogen is synthe‐
sized during the late developmental stages (5–15 h) and finally broken down by the cell to 
synthesize saccharide. Hames and Ashworth showed that the amount of glycogen synthesized 
during the late developmental stage is larger than the glycogen content of the vegetative cells 
[25]. This glycogen synthesis occurs during gluconeogenesis process when the cellular glucose 
remains at a constant low concentration. During differentiation, myxamoebal glycogen is not 
stored, but the gluconeogenesis process still can occur, if the cells initially have a large amount 
of glycogen.

6. Discussion

D. discoideum is a well‐characterized eukaryotic system which grows as single cells and devel‐
ops as multi‐cellular organisms. The development of D. discoideum is simpler than that of mam‐
malian cells. They use many similar signals and contain similar pathways that are presented 
in plants and animals so it is the best biological system to study the molecular pathways like 
glycolysis or gluconeogenesis pathways, which can correlated with the mammalian system. D. 
discoideum considered as a model organism to study chemotaxis and developmental biology. 
D. discoideum obtained energy through lysosomal degradation and phagocytosis process [36]. 
Because of that intra‐lysosomal nutrient levels are increasing so, the lysosome and the vacu‐
ole collect amino acids and other nutrients from cellular components through the autophagy 
process [37]. This process has been correlated with the gluconeogenesis process. The counting 
factor (CF) or the protein complex regulates the size of the aggregates of D. discoideum, which 
is indirectly affecting the gluconeogenesis pathway. CF showed some effect upon the enzyme 
involved in a gluconeogenesis pathway such that fructose‐1,6‐bisphosphatase and glucose‐6‐
phosphatase. The fructose‐1,6‐bisphosphatase is not regulated by CF, whereas glucose‐6‐phos‐
phatase is regulated by CF, which acts as one of the size regulating factor for the aggregates 
of D. discoideum. Large aggregates initially have higher CF levels which can modify gluconeo‐
genesis, and the other metabolic pathways, and also alters the level of metabolites [1, 24]. After 
that, the level of CF drops down which increases cell‐cell adhesion and because of that the 
random motility decreases which stabilize the smaller aggregates. The glycogen synthesis dur‐
ing the developmental process of D. discoideum causes by the gluconeogenesis pathway. During 
differentiation, myxamoebal glycogen is not stored but the gluconeogenesis process still can 
occur, if the cells initially have a large amount of glycogen. So gluconeogenesis pathway is very 
important for the development of the cells, this is one of the best eukaryotic system in which the 
process can be studied.
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Abstract

Glucose is intricately regulated in human body through a complex network of hor-
monal and neuronal factors. A series of evidence suggests that the gastrointestinal 
tract and the central nervous system play prominent roles in the regulation of glucose 
and energy homeostasis. The gut senses the nutrient supply to co-ordinate the release 
of hormones that activate neuronal networks in the brain, leading to the subsequent 
modulation of hepatic glucose output via the gut-brain-liver axis. The gut hormones 
also act on multiple peripheral tissues to regulate glucose level through an insulin-
dependent and/or -independent mechanism. The brain, especially the hypothalamus, 
could also response to the hormones such as insulin and leptin and different nutri-
ents to modulate the glucose homeostasis. In this chapter, we review the gut-brain-
liver axis and the role of this organ interaction in the control of glucose homeostasis. 
A better understanding of these pathways will provide novel strategies for improved 
glycaemic control.

Keywords: glucose homeostasis, hepatic glucose production, gut-brain-liver axis, 
gastrointestinal hormones, GLP-1, ghrelin, hypothalamus, insulin, leptin, nutrient sensing, 
lipid sensing

1. Introduction

In human body, glucose production is finely matched to glucose utilisation in order to main-
tain the glucose level within a relatively narrow range, ~0.8–1.2 mg/dL. This glucose homeo-
stasis is regulated by a network of signals including endocrine, neural and metabolic factors. 
The various signals monitor the internal energy status and exogenous energy supply to con-
trol endogenous glucose production or utilisation.

For a long time, pancreatic insulin and its sensitivity have been the research focus for glucose 
regulation under normal or diseased condition. Emerging evidence has suggested that the gut 
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and central nervous system (CNS) are also critical in the control of glucose homeostasis. In 
this chapter, we will review the recent advances on the gut-brain interaction and its effect on 
the hepatic glucose production (HGP). We will first introduce the concept of ‘gut-brain-liver 
axis’ and its physiological relevance in HGP. Then, we will review the current understanding 
of gastrointestinal (GI) hormones in the control of glucose homeostasis. Lastly, the role of hypo-
thalamic insulin/leptin signalling and nutrients sensing implicated in glucose homeostasis will 
be discussed.

2. Gut-brain-liver axis

Upon meal ingestion, food enters the digestive tract and triggers a series of mechanical and 
chemical responses. The tension and stretch receptors, named mechanoreceptors, on the 
vagal afferent nerves convey these mechanical signals to the brain. On the other hand, the 
pre-absorbed nutrients and the digested nutrients such as glucose, amino acids and lipids 
could activate the chemo-receptors on the vagal afferents to regulate glucose homeostasis 
[1, 2]. Lipids enter the upper intestine in the form of triglycerides (TGs) that are hydrolysed 
by lipases to form long-chain fatty acids (LCFAs). Intraluminal LCFAs can be further trans-
formed to long chain fatty acyl-co-enzyme A (LCFA-CoA) catalysed by acyl-CoA synthase. 
Accumulated LCFA-CoAs induce local release of the satiety peptide cholecystokinin (CCK) 
from the duodenum I cells via a G-protein-coupled receptor GPR40 [3]. Aromatic amino 
acids could also stimulate the release of CCK via an extracellular calcium-sensing receptor 
(CaSR) by increasing an intracellular Ca2+ level [4, 5]. There are two CCK receptors, CCK-A 
in the periphery tissues and CCK-B in the brain. Secreted CCK binds to CCK-A receptors 
on the intestinal vagal afferent neurons and increases the neurophysiological activity and 
conveys neuronal signals to the CNS [6, 7]. These biochemical signals between the gastroin-
testinal tract and the CNS are critical for the glucose and lipid metabolism in liver. This com-
munication network between the gut, brain and liver is defined as the gut-brain-liver axis.

2.1. The gut-DVC-liver axis

The main structures in the CNS that are involved in the control of glucose homeostasis are the 
dorsal vagal complex (DVC) in brain stem and hypothalamus. DVC is composed of the nucleus 
of the solitary tract (NTS), dorsal motor nucleus of the vagus (DMV) and area postrema. NTS, 
adjacent to DMV, is the site where the vagal afferent nerves terminate. Activation of vagal affer-
ent signalling increases the NTS neuronal expression of c-Fos, a marker for neuronal activa-
tion. Activation of mechanoreceptors in the gut and administration of CCK increases the c-Fos 
expression in the NTS, suggesting an activation in the gut-DVC signalling [8]. Furthermore, 
N-methyl D-aspartate (NMDA) channels are located in the NTS neurons. Blocking NTS neuron 
activity by an NMDA channel blocker abrogates the gut lipid’s effect on HGP. This observation 
further confirms that the NTS neurons relay the signals from the gut to the CNS [2].

NTS neurons are projected to other brain stem nuclei: the nucleus ambiguus (NA) and the DMV. 
These two nuclei further send out the vagal efferent fibres to form a motor limb of vago-vagal 
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reflexes innervating multiple peripheral organs. Major organs involved in energy consump-
tion and metabolism include the gut, pancreas and liver. Two distinct populations of DMV 
pre-ganglionic neurons provide parallel innervations to the gut. The cholinergic-muscarinic  
(excitatory) pathway enhances GI motility and stimulates gastric acid secretion. The non-
adrenergic and non-cholinergic (NANC) (inhibitory) pathway inversely decreases the gastric 
motility. Activation of the vago-vagal reflexes alters the GI functions in different manner via 
co-operation of these two parallel pathways [9]. In addition, the vagus influences glucose 
homeostasis through the innervation of the pancreas and liver. Vagal efferents innervating 
the pancreas enhance the post-prandial insulin release and compensatory insulin responses 
during prolonged stimulation of pancreatic β cells. If glucose is administered intragastrically 
that bypasses the vagal activation, post-prandial glucose levels are higher and insulin levels 
are blunted [10]. Vagal efferents innervating the liver modulate glucose production through 
the inhibition of key gluconeogenic enzymes and activation of enzymes promoting glycogen 
synthesis [2, 11].

2.2. The gut-hypothalamus-liver axis

Gastrointestinal signals could be transmitted to the higher centre hypothalamus either 
through the relay in NTS or via its direct sensing of the gut hormones. Within the hypothala-
mus, there are three important nuclei, which send out the neural autonomic information to 
the peripheral organs including the liver. They are ventromedial nucleus (VMN), the lateral 
hypothalamic area (LHA) and paraventricular nucleus (PVN).

The hypothalamus regulates the hepatic metabolic functions via specific autonomic nerves. 
Autonomic innervation of liver contains sympathetic and parasympathetic nerves. The pre-
ganglionic neurons of sympathetic nerve are located in intermediolateral column of the spinal 
cord (T7–T12). They convey signals to the post-ganglionic neurons at the celiac and superior 
mesenteric ganglia and send out the sympathetic splanchnic nerves innervating the liver. 
The parasympathetic nerves originate from pre-ganglionic neurons in the DMV, while the 
post-ganglionic neurons have not been clearly identified yet. Neurons in the VMN stimulate 
liver glycogenolysis (increase liver glucose output) through the activation of the sympathetic 
system that increases the activity of the liver gluconeogenic enzyme phosphoenolpyruvate 
carboxykinase (PEPCK) while suppresses pyruvate kinase (PK) activity. The LHA stimulates 
liver glucogenogenesis (decrease liver glucose output) by decreasing PEPCK activity via the 
parasympathetic vagal nerve. PVN is a special area that receives projections from both VMN 
and LHA or other areas. PVN neurons control hepatic glycogen storage via modulating the 
sympathetic-parasympathetic balance [11, 12].

2.3. Molecular mechanism

The molecular mechanism by which hypothalamic neurons control HGP remains largely 
unknown. Previous studies have indicated that an intact KATP channel in the hypothalamic 
neurons is required for the proper functioning of this brain control on liver glucose metabo-
lism. KATP channel, a member of the inwardly-rectifying K+ channel family, is located on the 
plasma membrane of hypothalamic neurons. It is composed of sulfonylurea receptors (SUR) 
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and inwardly rectifying K+ channel subunits. Both upper intestinal lipid and central lipid 
infusion could activate KATP channel and hyperpolarise the hypothalamic neurons. Activation 
of KATP channel in the hypothalamus lowers blood glucose through the inhibition of hepatic 
gluconeogenesis but not glycogenolysis. The hepatic expressions of G6Pase and Pepck are sig-
nificantly reduced. Genetic or pharmacological blockade of hypothalamic KATP channel, as 
well as surgical resection of the hepatic vagal nerve, abrogates the gut lipid induced in the 
inhibition of the HGP [2, 13, 14].

Protein kinase C isoforms also participate in this physiological process. PKCθ is expressed in 
the hypothalamic neurons, specifically in the neuropeptide Y/agouti-related protein neurons 
in the arcuate nucleus and the dorsal medial nucleus. Palmitic acid induces the trans-localisation  
of PKCθ to cell membranes and is associated with impaired insulin and leptin signal-
ling. Knocking down PKCθ in hypothalamic neurons prevented diet-induced obesity and 
improved insulin signalling [15]. Moreover, activation of PKC in hypothalamus suppresses 
hepatic glucose production. Inhibition of PKCδ signalling in hypothalamus will abolish this 
effect, indicating that PKCδ also mediates the central role in glucose homeostasis [16]. In addi-
tion to the hypothalamus, PKCδ is expressed in the mucosal layer of duodenum. Activation 
of duodenal PKCδ stimulates CCK secretion and the gut-brain-liver neuronal pathway and 
lowers the glucose production in the liver [6, 17].

3. Gut hormones in the regulation of glucose homeostasis

Gastrointestinal tract is the largest endocrine organ in the human body. It consists of a large 
number of different enteroendocrine cells, which secrete distinct gut hormones. In general, 
food ingestion acutely stimulates the secretion of gut hormones. These hormones travel in the 
circulation to the distant tissues, or act locally on vagal afferents and convey signals to CNS. 
They bind to specific receptors and exert pleotropic metabolic functions through changes in 
food intake, gastrointestinal motility and energy expenditure.

3.1. GLP-1

Glucagon-like peptide-1 (GLP-1) is a peptide hormone secreted mainly from enteroendocrine 
L cells of the intestine, and to a much lesser extent from pancreatic α cells and the brain. GLP-1 
is cleaved from the precursor proglucagon molecule by protease convertase 1/3. Circulating 
GLP-1 has two forms, GLP17-37 and GLP17–36 amide. About 80% of circulating GLP1 in human 
is GLP17–36 amide [18]. Plasma levels of GLP-1 in the basal level range between 5–10 pM and 
its level could increase to 50 pM after a meal. The half-life of native bioactive GLP-1 is less 
than 2 min. After secretion from L cells, GLP-1 is quickly excreted by kidney or enzymati-
cally degraded by dipeptidyl peptidase-4 (DPP4) [19]. GLP-1 exerts its biological function 
through a specific G-protein coupled receptor called GLP-1 receptor (GLP-1r). Using the GLP-
1-Cre mice crossed with fluorescent reporter strains, GLP-1 receptor (GLP-1r) is found to be 
expressed on a variety of tissues including pancreatic β and δ cells, enteric neurons, vagal and 
dorsal root ganglia, vascular smooth muscle, cardiac atrium and gastric antrum/pylorus [20].
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The biological function of endogenous GLP-1 has been examined using GLP-1r antagonists, 
immunoneutralising antisera and Glp-1r deficient mice. Exendin9–39 (Ex-9) is an antagonist 
of GLP-1r and is the truncated form of the lizard GLP-1-related peptide exendin-4 (Ex-4). 
Eliminating GLP-1 activity by antisera or infusion of its antagonist results in impaired glucose 
tolerance and glucose-induced insulin secretion in rodents and humans [21]. Consistently, 
genetic deficiency of GLP-1r gene in mice causes glucose intolerance and impaired glucose-
stimulated insulin secretion, as well as fasting hyperglycemia [22]. Pancreas, especially the 
pancreatic islet cells, is the target of GLP-1. In vitro studies on pancreatic islets or β cell lines 
demonstrate that GLP-1 increases insulin biosynthesis through both cAMP/PKA-dependent 
and independent pathways. GLP-1 also stimulates insulin secretion via modulation of KATP 
channels, which subsequently increases the intracellular Ca2+ level. In addition to the insuli-
notropic effects, GLP-1 could also stimulate the proliferation of β cell, prevent β cell apoptosis 
and enhance the differentiation of exocrine-like cells towards a more differentiated β cell phe-
notype [21]. The signal transduction pathways in which GLP-1 mediates these physiological 
functions have been extensively studied. Its mitotic effect involves PI3K/AKT, EGFR trans-
activation, p38 MAPK and PKCζ signalling pathways [23]. Pancreatic and duodenal homeo-
box gene 1 (PDX1), forkhead box protein O1 (FoxO1), AKT and insulin receptor substrate 
2 (IRS2) are essential mediators for the anti-apoptosis effect of GLP-1 [21]. GLP-1 receptor 
agonist could increase the pancreas weight. However, this effect is not caused by the increase 
in proliferation of islet or ductal cells. Increased protein synthesis in the exocrine acinar cells 
accounts for the increase of pancreas weight [24]. GLP-1 also inhibits glucagon secretion from 
pancreatic α cells after meals to lower the blood glucose. The mechanism by which GLP-1 
inhibits glucagon secretion is not completely clear. Recent evidence suggests this effect may 
be indirectly mediated by another islet hormone, somatostatin [25].

Apart from the pancreas, GLP-1 also acts on CNS to modulate systemic glucose homeostasis. 
In the brain, only a few neurons in an NTS and area postrema express and secrete GLP-1 [26]. 
GLP-1 receptors are found in the area postrema, ARC, PVN and VMN [20]. Central adminis-
tration of GLP-1r antagonist induces glucose intolerance. Under the hyperglycemia condition, 
activation of central GLP-1 signalling enhances insulin secretion and increases hepatic gly-
cogen storage [27]. Two chronic CNS GLP-1 loss of function mouse models, knocking down 
GLP-1 gene pre-proglucagon in NTS and chronic ICV infusion of GLP-1r antagonist both 
caused hyperphagia and glucose intolerance [28]. Therefore, these data suggest that central 
GLP-1 action plays an important role in systemic glycaemic control.

Liver is another action site of GLP-1. After being secreted from enteroendocrine cells, GLP-1 
enters the mesenteric venous and the hepatic portal circulation. Due to the rapid degrada-
tion of GLP-1, the close anatomical distance makes the liver as an important target organ for 
GLP-1. Glucose sensor in the hepatoportal area can sense the circulating glucose level and 
regulate the hepatic glucose disposal. Basal fasting levels of GLP-1 are sufficient to activate 
the receptor and maintain its glucoregulatory ability [29]. GLP-1 receptor is present in nodose 
ganglia and nerve terminals innervating the portal vein, suggesting a possible link of GLP-1 
action through the hepatic neuronal network with other peripheral organs. Intraportal infu-
sion of GLP-1 can increase the firing frequency of the vagal afferents and promote glucose 
disposal in non-hepatic organs [30]. Consistently, administration of the GLP-1r antagonist to 

Neuroendocrine Control of Hepatic Gluconeogenesis
http://dx.doi.org/10.5772/67535

35



block hepatic GLP-1 signalling results in glucose intolerance [31]. In vitro study in cultured 
rat hepatocyte has showed that GLP-1 promotes glycogen accumulation by increasing the 
activity of glycogen synthase-A while decreasing the activity of glycogen phosphorylase-A 
[32]. Whether the GLP-1 acts directly on hepatocytes or indirectly through neuronal networks 
remains to be determined.

Taken together, GLP-1 acts on a variety of distant organs, including pancreas, CNS and liver 
tissue, to co-ordinate the overall glucose homeostasis.

3.2. Ghrelin

Ghrelin is a 28-amino acids peptide hormone, which is predominantly produced by the 
enteroendocrine X/A-like cells in the gastric oxyntic mucosa. Ghrelin exerts strong growth 
hormone (GH)-releasing effects, as well as lactotroph and corticotroph function. It also influ-
ences a diverse of biological processes, including food intake, sleep and behaviour, gastroin-
testinal tract motility and secretion, as well as glucose and energy homeostasis. In this section, 
we will focus on its role in glucose homeostasis.

Ghrelin is octanoylated at its serine residue catalysed by ghrelin O-acyl transferase (GOAT). 
This acylation is essential for ghrelin binding to its receptor, GH secretagogue (GHS) receptor 
1a (GHS-R1a), to exert its biological function. The GHS-R1a is abundantly expressed in the  
hypothalamus-pituitary region, in other brain areas and peripheral endocrine and non-endocrine  
tissues. Binding of GHS-R1a initiates a series of intracellular events, including activation of the 
phospholipase C signalling, leading to an increased inositol phosphate turnover, inhibition  
of K+ channel and increased concentration of intracellular Ca2+.

The first evidence illustrating the relationship of ghrelin to glucose homeostasis is that injection 
of ghrelin induces a prompt increase of blood glucose, which precedes a transient decrease of 
insulin secretion in humans [33]. This result suggests that ghrelin-induced blood glucose rise 
is caused by increased hepatic glucose production and/or peripheral glucose disposal instead 
of suppressed insulin secretion. Infusion of ghrelin in healthy young men increases plasma 
glucose and free fatty acid levels. Exogenous ghrelin suppresses glucose-stimulated insulin 
secretion but demonstrates no effect on basal levels of serum insulin. These observations sug-
gest that ghrelin impairs insulin sensitivity [34, 35]. Evidence from rodent models also con-
sistently demonstrates that exogenous ghrelin administration induces hyperglycaemia and 
worsens glycaemic control under a high-fat diet condition [36, 37]. Another evidence for the 
link of ghrelin and glucose homeostasis comes from the clinical assessment of the diurnal 
variations of ghrelin, glucose and insulin. Fasting ghrelin levels correlates with insulin levels 
[38]. The ghrelin levels surge before meals and decline after meals. Post-prandial glucose lev-
els are correlated with acyl-ghrelin, independently of insulin. And the ghrelin is lower during 
sleep than during wake [39].

Since both ghrelin and GHS-R1a are expressed in pancreas, ghrelin synthesised by the islets or 
elsewhere may regulate the glucose-induced insulin released in autocrine and paracrine man-
ners. Most studies have reported that ghrelin reduces glucose-induced insulin release, while 
a few studies have found that under certain conditions acyl-ghrelin could amplify insulin 
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secretion [40]. This is partly due to an attenuation of Ca2+ signalling [41]. Over-expressing 
ghrelin in the stomach and brain induces glucose intolerance and attenuates glucose stim-
ulated insulin secretion [42]. Transgenic mice with over-expression of pre-proghrelin gene 
driven by the rat insulin II promoter-driven (RIP-G Tg) in cells display impaired glucose 
stimulated insulin secretion. In contrast, over-expression of pre-proghrelin gene driven by rat 
glucagon promoter-driven (RGP-G Tg) in α cells shows no significant changes in the insulin 
secretion and glucose metabolism [43]. Ghrelin null mice have no alterations in basal plasma 
insulin levels but enhanced glucose induced insulin release [44, 45]. High-fat diet-induced 
glucose intolerance is prevented in ghrelin knockout mice [45]. Isolated ghrelin-deficient 
islets have increased glucose-induced insulin release but demonstrated no changes in islet 
density, size and insulin content, suggesting that ghrelin augments insulin secretion through 
enhanced insulin vesicle exocytosis capacity/efficiency [45]. Detection of ghrelin in the leptin-
deficient ob/ob mice also shows enhanced glucose-induced insulin secretion and increased 
peripheral insulin sensitivity [46].

Despite that ghrelin receptor is not detected, acylated ghrelin increases glucose output in 
the primary porcine hepatocytes while unacylated ghrelin completely reverses this effect. 
This result suggests that an acyl-ghrelin probably acts on the primary hepatocytes through 
a different receptor other than the GHS-R1a and unacylated ghrelin can counteract the acyl-
ghrelin’s biological function under certain conditions [47]. Ghrelin administration induces a 
lipogenic and glucogenic pattern of gene expression in the liver and increases hepatic triglyc-
eride content [48]. Also, ghrelin attenuates liver AKT signalling, which may contribute to the 
blood glucose increments [49].

In CNS, GHS-R1a expression is largely confined to ARC of hypothalamus and somatotroph 
pituitary cells, both of which are responsible for appetite control and GH release, respectively. 
Ghrelin is also locally produced by the hypothalamic neurons. These neurons project to NPY/
AgRP and POMC neurons, representing a regulatory circuit controlling energy intake [50]. 
In addition, GH is an important counter-regulatory factor of insulin [51]. Ghrelin may affect 
glucose homeostasis partly through the GH releasing regulation.

The ghrelin receptors have been detected in the epididymal and pericardial adipose tissue 
deposits. Ghrelin administration in the mice causes increased adiposity in white adipose tis-
sue and up-regulates UCP1 mRNA expression in brown adipose tissue [52]. In vitro study 
has showed that ghrelin promotes adipogenesis, inhibits lipolysis and glucose uptake into 
the adipocytes. In addition, ghrelin increases proliferation and differentiation in 3T3-L1 pre-
adipocytes. Ghrelin also prevents adipocyte apoptosis caused by serum starvation. Ghrelin 
activates MAPK and PI3K/AKT pathways in 3T3-L1 pre-adipocytes and adipocytes, whereas 
inhibition of these pathways blocks the effects of ghrelin on these cells [53, 54].

3.3. Other gut hormones

3.3.1. Peptide YY

Peptide YY (PYY), also known as peptide tyrosine, is a gut peptide hormone primarily 
released from the enteroendocrine L cells of the colon mucosa. It is also expressed in pancreatic  
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α cells. Similar to GLP-1, PYY has two forms, the full-length PYY1-36 and a truncated form 
PYY3-36, which is cleaved by the enzyme DPP IV. The major role of PYY is its inhibition on 
gut functions, including gastrointestinal tract motility and secretion, gallbladder emptying 
and food intake [55]. Recent evidence reveals an emerging role of PYY involved in glucose 
homeostasis. In vitro study has showed that PYY inhibits glucose stimulated insulin secre-
tion from the isolated islets by inhibiting the accumulation and action of cAMP [56]. In vivo 
evidence also suggests that deficiency of PYY in mice significantly increases body weight 
and fat mass. These mice exhibit elevated fasting insulin and glucose stimulated insulin 
level, suggesting that PYY regulates glucose homeostasis via its stimulation of insulin secre-
tion [57]. Another form of PYY, PYY3-36, elicits no effect on glucose homeostasis under basal 
or hyperglycaemic conditions. Transgenic mice over-expressing PYY are protected against 
diet-induced obesity due to increased energy expenditure. Moreover, over-expressing PYY 
in ob/ob mice significantly reduces adiposity and serum triglyceride levels and improves 
glucose tolerance [58].

3.3.2. Nesfatin-1

Nesfatin-1, an 82-amino acids peptide, is pre-dominantly secreted from gastric X/A-like 
cells. It was initially identified in the hypothalamus as a satiety molecule [59]. Later, it 
is also found in pancreatic β cells. Studies using mouse insulinoma cell line MIN6 cells 
and isolated murine islets have revealed that nesfatin-1 directly enhances the glucose 
stimulated insulin released by increasing the intracellular Ca2+ level through the voltage-
dependent L type Ca2+ channel [60, 61]. Infusion of nesfatin-1 in the third cerebral ven-
tricle potently inhibits hepatic glucose production and promotes muscle glucose uptake. 
Inhibition of central nesfatin-1 activity using the adenoviral-mediated RNA interference 
method increases hepatic glucose flux and decreases glucose uptake in the peripheral 
tissue. This effect is caused by an alteration of hepatic PEPCK/InsR/IRS-1/AMPK/AKT/
mTOR/STAT3 pathway [62, 63]. In addition to the action in CNS, peripheral infusion of 
nesfatin-1 also significantly improves insulin sensitivity in the skeletal muscle, adipose 
tissue and liver under normal or high-fat diet condition, via altering AKT phosphorylation 
and GLUT4 membrane translocation [64].

4. Hypothalamic regulation of glucose homeostasis

Three major hypothalamic nuclei, such as ARC, VMN and PVN, actively participate in the 
regulation of glucose homeostasis [65]. In 1854, French physiologist Claude Bernard showed 
that brain lesion in dogs causes hyperglycemia and first proposed that the CNS could be 
involved in the control of energy and glucose homeostasis. Till date, it has been widely 
accepted that CNS especially hypothalamus receives and integrates hormonal and nutri-
tional signals from periphery and actively regulates systemic glucose homeostasis. Here, 
we will focus on how the hypothalamus integrates the critical glucoregulatory hormones, 
insulin and leptin, as well as the diet nutrients to modulate the intricate regulation of glucose 
homeostasis.
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4.1. Hypothalamic insulin signalling

In addition to the classical insulin target tissues (liver, skeletal muscle and adipose tissue), 
insulin receptors are also expressed in the CNS, with various densities in different regions 
[66]. Infusion of insulin in the cerebral ventricle suppresses glucose production independent 
of circulating insulin and other glucoregulatory hormones [67]. Blunting central insulin sig-
nalling by the insulin receptor antisense oligonucleotides also suppresses HGP during hyper-
insulinemic clamp studies in rats [68]. Neuron specific knockdown of insulin receptor in 
whole brain leads to obesity, mild insulin resistance and hyperleptinemia [69]. These results 
suggest that insulin signalling in hypothalamus controls peripheral glucose production and/
or utilisation.

ARC is located at the mediobasal hypothalamus adjacent to the third ventricle and the 
median eminence, where the blood-brain barrier (BBB) is weakly formed. Insulin or other hor-
mone can easily cross the BBB and functions there. L1 mouse has insulin receptor deficiency 
in hypothalamus while maintaining insulin receptors in liver and pancreatic β cells. Lack 
of hypothalamic insulin signalling in L1 mice attenuates the inhibitory effect of insulin on 
HGP. ARC mainly contains two populations of neurons, the proopiomelanocortin (POMC): 
expressing neurons and the agouti-related peptide (AgRP) and neuropeptide Y (NPY): co-
expressing neurons. To further dissect the role of different groups of neurons, Lin et al. used 
targeted knock-ins to restore insulin receptor expression in AgRP/NPY or POMC neurons 
of L1 mice. They have found that re-expression of insulin receptor in AgRP/NPY neurons 
could normalise insulin’s effects on HGP. In contrast, knock-in insulin receptors in POMC 
neurons increases HGP. These results indicate that these two different types of neurons medi-
ate distinct insulin functions on peripheral glucose and energy homeostasis [70]. Later study 
has also confirmed that insulin signalling in AgRP neurons is crucial for HGP, expression of 
G6Pase and insulin-induced expression of interleukin-6 [71].

At the cellular level, the IRS-PI3K pathway mediates the hypothalamic insulin effects on glu-
cose metabolism. Inhibition of PI3K signalling by infusing PI3K inhibitor into the third cere-
bral ventricle attenuates insulin-induced glucose lowering effects, whereas over-expression of 
IRS-2 or PI3K substrate AKT enhances the glycaemic response [72].

FoxO1 is a transcriptional repressor of POMC and the transcriptional activator of AgRP. Insulin 
increases FoxO1 phosphorylation through an InsR/IRS1/PI3K pathway and promotes its exit 
from the nucleus to the cytoplasm. This translocation dis-inhibits its repression of POMC tran-
scription, allowing for STAT3 binding to the promoter, thus increasing Pomc gene expression. 
Meanwhile, the nuclear export of FoxO1 decreases Agrp gene expression since STAT3 binds to 
the Agrp promoter and inhibits its expression [73]. FoxO1 deletion in AgRP neurons of mice 
leads to the improved glucose homeostasis and increased sensitivity to insulin and leptin.

KATP channels are also involved in the hormonal control of glucose metabolism. Activation of 
KATP channels in the hypothalamus is sufficient to decrease blood glucose levels by inhibition 
of HGP. ICV or systemic administration of insulin causes an inhibition of HGP. These effects 
are prevented by blockade of KATP channel activity or genetic deletion of SUR1 subunits [14]. 
Thus, the insulin action in the CNS to regulate glucose level requires intact KATP channels.

Neuroendocrine Control of Hepatic Gluconeogenesis
http://dx.doi.org/10.5772/67535

39



In summary, data from rodents have confirmed that hypothalamic insulin reduces blood glu-
cose concentrations by suppressing gluconeogenesis through inhibition of the expression of 
key gluconeogenic enzymes. It is worth noting that the role of insulin signalling in glucose 
homeostasis may vary among species and different physiological conditions. Most experi-
ments have been performed on rodent models. However, it is not exactly the same in other 
animals. For example, blunting CNS insulin signalling in dogs does not suppress glucose 
production or gluconeogenesis; instead it augments hepatic glycogen synthesis [74].

4.2. Hypothalamic leptin

Leptin is a hormone produced by an adipose tissue, which regulates pleotropic metabolic 
functions, such as satiety, body weight gain and glucose homeostasis. Systemic leptin recep-
tor (Lep-r) deficient ob/ob mice are obese, hyperglycemia and hyperinsulinemia. Neuron-
specific deletion of Lep-r in mice also exhibits obesity and elevated plasma levels of leptin, 
glucose and insulin, suggesting the brain is a direct target for leptin and responsible for its 
role in systemic metabolic effects [75]. Lipodystrophy is a disease characterised by the com-
plete or partial absence of adipose tissue, leptin deficiency, systemic insulin resistance and 
fatty liver. Central infusion of leptin in the lipodystrophy mice corrects the insulin resistance 
and improves glucose homeostasis [76]. Overfeeding rapidly induces hepatic, leptin and insu-
lin resistance. Central administration of leptin in overfeeding conscious rats could rescue the 
hepatic insulin resistance. Leptin inhibits HGP by decreasing glycogenolysis with reduced 
hepatic expression of G6Pase and PEPCK [77].

Similar to insulin, hypothalamic ARC area is the prominent action site for leptin in regulation of 
glucose homeostasis. Leptin injection specifically into the ARC increases glucose uptake in BAT 
[78]. Restoration of Lep-r in the ARC could normalise insulin and blood glucose level without 
significantly altering the body weight and food intake [79]. Koletsky (fa(k)/fa(k)) rat, in which 
Lep-r is deficient, is characterised by insulin resistance and hyperglycemia. Re-expression of 
Lep-r specifically in the ARC region significantly improves peripheral insulin sensitivity and 
suppresses HGP in this animal. This effect was mediated through CNS-autonomic system 
-dependent suppression of hepatic expression of the gluconeogenic enzyme, G6Pase and 
PEPCK [80].

Neuroanatomical and electrophysiological studies have identified POMC neurons as the neu-
ronal target of leptin. Approximately 25–40% of POMC neurons express functional Lep-r. 
These neurons are distinct from those expressing insulin receptors [81]. Mice lacking leptin 
signalling in POMC neurons are hyperleptinemic [82]. Simultaneous deletion of insulin and 
leptin receptors in POMC neurons causes a pronounced insulin resistance [83]. Reconstitution 
of Lep-r in POMC neurons of the systemic Lep-r deficient mice is sufficient to normalise the 
hyperglycemia, improve hepatic insulin sensitivity and dyslipidemia [84]. All these results 
indicate that leptin signalling in POMC neurons plays a key role in regulating glucose homeo-
stasis via control of HGP. The role of leptin in AgRP neurons remains to be investigated.

Lep-r has six splicing variants (Lepr-a to Lepr-f). The long-form Lepr-b is highly expressed and 
functionally active in the hypothalamus. Leptin binds to the Lepr-b, recruits and activates the 
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Janus kinase (JAK). JAK in turn phosphorylates Lepr-b and the signal transducer and activator 
of transcription 3 (STAT3). Phospho-STAT3 traffics into the nucleus and activates the transcrip-
tion of several genes including suppressor of cytokine signalling 3 (SOCS3). SOCS3 is a negative 
regulator of leptin signalling. Neuronal deletion of SOCS3 in mice improves leptin sensitivity, 
with a greater body weight loss and less food intake. These mice are resistant to high-fat diet 
obesity and hyperleptinemia. The insulin sensitivity is also retained [85]. Lentivirus-mediated 
knock-down of SOCS3 in hypothalamus significantly increases STAT3 activation, decreases 
body weight gain and improves metabolic parameters in mice fed with a high-fat diet [86].

Leptin and insulin can engage similar hypothalamic intracellular signalling pathway. Leptin 
could activate PI3K-PDK1-AKT pathway and influences the neurotransmitter’s expres-
sion and neuronal activity. Leptin can down-regulate NPY’s gene expression and enhance 
POMC’s expression [87, 88]. In addition, leptin causes depolarisation and increased excitabil-
ity of POMC neurons, while hyperpolarises and inhibits the AgRP neurons [89, 90].

In addition to ARC area, Lep-r is also abundantly expressed in the VMN. Microinjection of 
leptin in VMN increases glucose uptake in brown adipose tissue, heart, skeletal muscles and 
spleen through the VMH-sympathetic nervous network [91]. A specific group of neurons in 
VMN expresses transcription factor steroidogenic factor-1 (SF-1), called SF-1 neurons. Leptin 
can directly activate SF-1 neurons and leads to body weight loss. Specific deletion of Lep-r in 
SF-1 neurons in mice results in increased fat mass, hyperinsulinemia and diet-induced obe-
sity, highlighting the importance of VMN in the control of energy homeostasis [92, 93]. SOCS3 
in SF1 neurons also negatively regulates leptin signalling, mediating central leptin resistance 
and glucose dysfunction [93].

4.3. Nutrients sensing and glucose metabolism

4.3.1. Fatty acid/lipid sensing

The brain not only reacts to the circulating hormones but also senses and responds to differ-
ent nutrients such as lipid, glucose and amino acids. Nutrients sensing in the hypothalamus 
exert a negative feedback regulation on glucose metabolism and food intake. The most stud-
ied example is fatty acid. ICV administration of long-chain fatty acid (LCFA) oleic acid, but 
not the short-chain fatty acid octanoic acid, could markedly inhibit glucose production and 
food intake [94]. Fatty acid synthase (FAS) is the rate limiting enzyme for de novo lipogenesis 
and mediates the synthesis of LCFA. Deletion of FAS in hypothalamus and β cells results in 
reduced LCFA’s level, hypophagic and hypermetabolic in mice fed with a standard or high 
fat diet [95, 96].

Similar to the gut lipid sensing mechanism, LCFA-CoA is the sensing molecule in the CNS. 
Malonyl co-enzyme A, a co-enzyme A derivative of malonic acid, plays an important role 
in chain elongation in LCFA-CoAs biosynthesis. Malonyl-coenzyme A decarboxylase (MCD) 
mediates the degradation of malonyl co-enzyme A. Thus, over-expression of MCD reduces 
the abundance of LCFA-CoAs, hence attenuating the lipid sensing ability in the CNS. Indeed, 
injection of adenovirus expressing MCD into the mediobasal hypothalamus of rats leads to an 
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increase in food intake and weight gain despite increased circulating leptin and insulin [97]. 
LCFA-CoAs are oxidised in the mitochondria, which is catalysed by two carnitine-dependent 
long-chain acyl-transferases, known as carnitine palmitoyl transferases (CPT1 and CPT2). 
CPT1 has two isoforms, liver form of CPT1 (CPT 1A) and muscle form of CPT1 (CPT 1B). 
Down-regulation of CPT1A expression or pharmacological inhibition of CPT1 activity within 
the ARC causes an increase in the concentration of LCFA-CoAs and a decrease in the liver 
glucose output [98]. These central lipid-sensing effects also require intact neuronal KATP chan-
nels and increased hepatic vagal outflow [13], suggesting a mechanism dependent on the 
brain-liver communication.

4.3.2. Glucose sensing

Our brain is able to directly sense the glucose level [99]. A subset of neurons in hypotha-
lamic nuclei is sensitive to the changes of extracellular glucose level. Some neurons are 
excited by increased glucose level with more firing frequency while others are inhibited 
with less firing by same stimuli. The glucose sensitive neurons are located in the VMN, 
ARC, PVN, as well as the dorsal vagal complex in the brain stem [65]. Central glucose 
sensing also impacts systemic glucose metabolism. Glucose is converted to lactate, enters 
the pyruvate metabolism and activates KATP channels in hypothalamus, leading to an HGP 
reduction [100]. KATP channels are able to sense the changes of glucose level and couple 
membrane excitability to cellular metabolism. High glucose concentrations activate KATP 
channel. The intracellular K+ fluxes out and hyperpolarises the plasma membrane, leading 
to the subsequent suppression of neurotransmitter release and inhibition of neuronal excit-
ability [101, 102]. Up to date, the identity of neurons that can directly regulate peripheral 
glucose production is still not known.

4.3.3. Amino acids sensing

Leucine is an essential branched-chain amino acid (BCAA). Recently, it has been demon-
strated that leucine gains access to the CNS. It is metabolised to acetyl- and malonyl-CoA in 
the hypothalamus, which subsequently controls HGP [103]. Another amino acid proline also 
exerts similar effects on HGP. Proline is a gluconeogenic amino acid, which is metabolised 
to pyruvate in astrocytes. Pyruvate is eventually metabolised to acetyl- and malonyl-CoA, 
which in turn regulates HGP. Indeed, increase in either central or systemic proline level 
acutely lowers blood glucose by decreasing hepatic glycogenolysis as well as gluconeogen-
esis [104].

4.3.4. Astrocytes in hypothalamus

In addition to neurons, other cell types in the brain, such as astrocytes, contribute to the intri-
cate regulation of central and systemic glucose homeostasis. Circulating glucose is uptake 
into the CNS via glucose transporter 1 (GLUT-1). GLUT-1 is highly expressed in astrocytes 
and endothelial cells along the BBB. Recently, astrocytes have been proved to participate 
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in the regulation of hypothalamic glucose sensing and systemic glucose homeostasis. The 
metabolism and activity of astrocytes are regulated by local hormones and metabolic status. 
Leptin or nutrients-deprived condition causes glutamate and GLUT-1 changes in the astro-
cytes, affecting synaptic metabolism, glucose uptake and ultimately neuronal activities [105]. 
Disruption of insulin signalling in astrocytes affects glucose uptake crossing the blood brain 
barrier (BBB). It also reduces glucose-induced activation of POMC neurons and impairs hypo-
thalamic mediated suppression of systemic blood glucose [106].

5. Conclusion

Glucose is the basic energy provider for the organisms. Mammalians have redundant sys-
tems to control glucose production. Insulin-independent mechanisms account for approxi-
mately 50% of overall glucose disposal. Recently, Schwartz et al. have elegantly proposed a 
two-compartment model which highlights the importance of both pancreatic islet and the 
brain in glucose homeostasis and development of diabetes [107]. Emerging evidence sug-
gests that the gastrointestinal tract is also a major player in this intricate regulatory process. 
The best supporting evidence is the pronounced effects of bariatric surgery on obesity and 
diabetes patients. Although the exact mechanism for the post-operational rapid normalisa-
tion of glucose homeostasis is still not clear, it is highly possible that alteration in the gut 
neuroendocrine restores both insulin-dependent and insulin-independent mechanisms [108]. 
Understanding the gut-brain-liver axis and its control on glucose homeostasis will provide an 
alternative strategy for the intervention of diabetes.
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Abstract

The aim of modern science in diabetes therapy is to develop a closed-loop system to
control blood glucose (BG) (“artificial pancreas”). Such a system includes glucose mon-
itor, insulin pump and algorithms of their interaction and blood glucose (BG) dynamics
analysis. Current work is devoted to mathematic modeling of BG dynamics, develop-
ment of BG prediction algorithm and its approbation on clinical data Diabetes Research
in Children Network (DirecNet). Prediction algorithm is based on sigma model of BG
regulation and is supposed to be used for “artificial pancreas” system. The algorithm
was tested under condition of possible errors in glucometer and/or insulin pump oper-
ation. Root-mean-square error of BG prediction is 15.7 mg/dl. Algorithm corrects 97.5%
errors.

Keywords: artificial pancreas, mathematical model, blood glucose dynamics, predic-
tion, noninvasive, glucose meter, glucometer, diabetes mellitus

1. Introduction

Diabetes mellitus is one of the most widespread and serious diseases. Diabetes mellitus type 1
means that the pancreas loses its ability to produce insulin. The aim of modern science in
diabetes therapy is to develop a closed-loop system («Artificial Pancreas»), which can compen-
sate such an insufficiency. «Artificial Pancreas» is a system combining a glucose sensor, a
control algorithm and an insulin infusion device [1]. In the case of diabetes mellitus (type 2),
pump insulin therapy is not relevant due to metabolism disorder, whereas in the case of
insulin-dependent one (type 1), it is the most effective method of diabetes compensation.

Modern systems for blood glucose (BG) monitoring concentration and insulin pumps for
subcutaneous insulin injection have certain potential for raising the level of diabetes mellitus
therapy. However, any errors in such a system can cause dangerous consequences for the
patient’s health: hypo- or hyperglycemia.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Some errors occur due to biomechanics of the sensor-tissue area (e.g., mechanical pressure in
the sensor implantation zone) [2]. In clinical practice, there are two types of errors associated
with glucose monitoring: abrupt fluctuations of BG and short-term decrease in the BG sensor
sensitivity. Incorrect functioning of BG sensor can be associated with failure in insulin injection
rate caused by tubing occlusion.

Moreover insulin and glucose have delays in absorption and action (about 30–100 min for
insulin and 5–15 min for glucose) [1]. Thus, insulin should be injected in the way to prevent
hyperglycemia.

2. Modeling of blood glucose dynamics

2.1. Mathematic models of blood glucose and insulin dynamics

In the human body, glucose is the main and the most multifunctional energy source for
metabolic processes. Due to utmost importance of stable blood glucose level, there is a compli-
cated regulation system. The scheme of blood glucose and insulin regulation is represented in
Figure 1.

Most BG dynamics models tend to describe physiological processes of glucose and insulin
regulation. The simplest model describing BG dynamics is the Bergman’s minimal model [3]. It
is a system of three ordinary differential equations (ODE) (Eq. (1)):

Figure 1. Scheme of glucose and insulin regulation in the human body.
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where g(t) is blood glucose level; i(t) is blood insulin level; x(t) is proportional to insulin in the
remote compartment; g(b) is normal BG; i(b) is basal insulin level; b1, b2, b3, b4 and b6 are rate
constants; and b5 is glucose threshold level (b5).

The advantage of the model (Eq. (1)) is in proper description of BG and insulin dynamics.
However, under some circumstances, it behaves incorrectly. The model describes BG peak
with returning to the initial BG level gb.

Many models are based on Bergman’s minimal model but take into consideration some more
parameters [4, 5].

Sturis’model [6] includes two negative feedbacks, describing glucose absorption due to insulin
action and insulin secretion as a reaction to BG rising. The model is described by the following
ODE system (Eq. (2)):
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(2)

where gin is exogenous glucose infusion rate; ip(t) is plasma insulin; ii(t) is interstitial insulin;
f1(z) is insulin secretion (function of glucose); f2(z) is insulin-independent glucose utilization
(function of glucose); f3(z) is insulin-dependent glucose utilization (function of glucose); f4(z) is
insulin-dependent glucose utilization (function of insulin); f5(z) is glucose production (function
of insulin); x1, x2 and x3 are variables representing delay process between plasma insulin and
glucose production; t1 and t2 are time constants of plasma and interstitial insulin degradation,
respectively; t3 is delay time between plasma insulin and glucose production; vp and vi are
volumes of plasma and interstitial insulin, respectively; vd is volume of glucose space; and e is
rate constant for exchange of insulin between the two compartments.
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Engelborghs’model [7] is based on Sturis’model (Eq. (1)) and takes into account time delay of
insulin secretion and of BG ascent. Insulin injections can be described in the following way
(Eq. (3)) (with an assumption that it equals patient’s pancreas insulin):
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where αf 1
�
gðtÞ

�
is the fraction of insulin delivered by the pancreas of a normal subject into the

circulation to maintain blood sugar at its physiological level, τ1 is pancreatic insulin produc-
tion time delay and τ2 is hepatic glucose production delay. In contrast with Sturis’ model,
Engelborghs’model is sustainable.

Bennett-Gourley’s model (D.L. Bennett, S.A. Gourley) [8] for glucose and insulin dynamics
uses the following differential equations (Eq. (4)):
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(4)

where q > 0 is constant. The Bennett-Gourley’s model has no sustained oscillations.

Despite significant international experience in modeling of blood glucose and insulin dynam-
ics, there are a number of individual peculiarities of patient that effect BG like his/her physical
activity, stresses, etc. Possible ways of taking into account such a variety of factors are in using
of indistinct logic and neural networks. As input data for neural networks, information could
be used that can have any influence on BG dynamics. The output data are blood glucose
concentration or amount of insulin to infuse to normalize BG.

However, processing of neural network algorithms is even more consuming than systems of
ordinary differential equations of high orders.

2.2. Sigma model

Direct application of mathematic model for BG dynamics is in its predicting capabilities. On its
basis, one can make an algorithm for BG prediction that can be used as a part of “artificial
pancreas” system. Mathematic models on the basis of high-order differential equations are
rather complicated to be used in a processing unit of a portable glucometer, especially when
they are complexificated with additional data about numerous factors effecting blood glucose
concentration. That is why simple empirical mathematic models [9] for such calculations are
more preferable.
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Let us consider independently BG ascent and descent processes. The main factor effecting BG
increase is food intake. Food can be characterized by amount of carbohydrates and glycemic
index. Thus, food intake can be described by three parameters: mf is food mass, υ is relative
carbohydrate coefficient and GI is glycemic index. It should be noted that mentioned parame-
ters have to be estimated for each product independently. Carbohydrate mass influences the
amplitude of BG increase, whereas glycemic index defines the rate of glucose appearance in
the blood stream.

For BG analysis precise track form during BG ascent is not important, only amplitude and
assimilation time. The function of accumulating glucose in the blood can be expressed in the
following way (Eq. (5)):

GðtÞ ¼ G0 þ
X
i

mf i �νi
kmT

� 1

1þ exp �α t� ti � τgluc � τ1

GIi

� �
= τ1

GIi

� �

0
BB@

1
CCA, (5)

where GðtÞ is BG value К, G0 is initial BG value, GIi ¼ GIi=100 is normalized glycemic index, α
is normalization coefficient, τ1 is time of penetration of all glucose into the blood, ti is time of
food intake and τgluc is time delay between food intake and glucose penetration into the blood.

Function of insulin effect on BG can be described as follows (Eq. (6)):
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X
j

μ � nj
kmT

� 1

1þ exp
�
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�
0
@

1
A, (6)

where β is normalization coefficient, τ2 is time of insulin action spike, tj is time of insulin
injection, τins is delay between insulin injection and its action, nj is the dose of injected insulin
and μ is coefficient that refers to the glucose descent due to one unit of injected insulin.

The model is based on logistic function or sigma function. That is why it is call sigma model.

General equation of BG dynamics that takes into consideration food intake and insulin injec-
tion can be described as superposition of functions (Eqs. (5) and (6)):
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(7)

Eq. (7) is the simplest variant of BG dynamics model. However, there are other independent
factors affecting BG dynamics:
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–Glucose elimination by kidneys

–Glucose accumulation in the liver in the form of glycogen

–Glycogenolysis driven by glucagon

–Natural residual insulin secretion by pancreas β-cells

–Gluconeogenesis

In current approach, we do not take into account glucose accumulation and glycogenolysis in
the human body. These processes do not change BG rapidly and can be evaluated from blood
glucose measurements.

As shown in Figure 2, the model (Eq. (7)) describes ascent and descent of BG track quite
accurately. It should be noted that model provides better results in the diabetes mellitus type
1 case, because it is characterized by very little or even no insulin secretion. Sigma model
appears to be applicable for BG prediction.

2.3. BG profile database

For experimental evaluation of developed mathematic model and the prediction algorithm, we
need BG tracks with information about factors that affect BG dynamics. Protocols of Diabetes
Research in Children Network (DirecNet) are used for that purpose. DirecNet investigates the
potential use of glucose monitoring technologies and its impact on the compensation of type 1
diabetes in children [10]. Investigations with completed protocols were directed to estimate
accuracy of constant glucose monitor system (CGMS) [11–14], especially of FreeStyle Naviga-
tor sensor [15–17] and evaluate physical activities on BG [18, 19] and basal insulin injection [20]
influence on hypoglycemia in children with type 1 diabetes.

Figure 2. Modeling of blood glucose dynamics with sigma model.
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Experimental results are represented as a number of tables, reports about patient anamnesis
and received data. Data protocols include detailed description of experiments. Tables contain
the following information: BG measurements, insulin injections, initial patient data, calibrating
BG tracks, anamnesis, meal, physical activity, dawn phenomenon, blood counts (CBC, hor-
mones, biochemical, clinical BG), medicines, stress, etc. Database includes more than 4000
records about food intake, insulin injections and physical activity and more than 2000 glucose
daily tracks. This available data can be used for approbation of mathematic models and
prediction algorithm.

DirecNet data was structured, analyzed and filtered; daily BG tracks, provided by different
glucose meters and clinical blood analysis, were synchronized (Figure 3).

In Figure 4, there is a BG track with information about food intake and insulin injection. BG
growth and reduction accurately correlate with food and insulin intake time and amount.

Clinical analyses were taken as the most precise. Measurement results provided by noninva-
sive glucometers FreeStyle Flash and One Touch Ultra (measurements were performed once in
a 30–60 minutes) match with each other and in the case of no clinical data, their arithmetic
mean value was taken as a true one. Supporting track was formed according to these data.
Medtronic CGMS and FreeStyle Navigator data (measurements were performed once in a 1–5
minutes) are less accurate and have noticeable value drift; however, due to higher digitaliza-
tion, they make it possible to reconstruct precise BG track form. Tracks provided by glucose
monitors were corrected in accordance with a supporting track. As a result, a set of BG tracks
with higher digitalization (1–5 min step) and accuracy was obtained (Figure 5).

Obtained data were used for approbation mathematic models and prediction algorithm.

Figure 3. Combined blood glucose track, provided by glucometers OneTouch Ultra, FreeStyleFlash and Medtronic
CGMS.

Blood Glucose Prediction for “Artificial Pancreas” System
http://dx.doi.org/10.5772/67142

61



2.4. Mathematic model approbation

DirecNet databases give enough information for sigma model approbation. However, it is
necessary to define a wide range of parameters for other models of BG dynamics.

Figure 5. Averaged blood glucose concentration track.

Figure 4. BG track with food intake and insulin injection data.
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In particular, Sturis’, Engelborghs’ and Bennett-Gourley’s models require such parameters as
quantities of plasma insulin, interstitial insulin and glucose, pancreatic insulin production,
insulin-independent glucose utilization, insulin-dependent glucose utilization, the influence
of insulin on hepatic glucose production, distribution volumes for insulin in plasma and
interstitial fluid.

These parameters were obtained from BG tracks using a neural network. Bennett-Gourley’s
model has broader set of parameters in comparison with Sturis’ and Engelborghs’models. The
purpose of the neural network was to reconstruct Bennett-Gourley’s model parameters by an
input track. Neural network was trained in the following way. Randomly generated set of
parameters for Bennett-Gourley’s model (from physiological range of values) was used to
reconstruct BG track. This track was included in training sample as a stimuli vector and model
parameters as a response vector. After training the neural network, it was used to define
necessary parameters for models by analyzing track from DirecNet. Neural network
processing was implemented by Matlab Neural Net Toolbox using FeedForwardNet, Elman
Recurrent Neural Network and embedded neural network. The best efficiency was demon-
strated by training algorithm “trainbr” with 14 neurons in the hidden layer and activation
functions “logsig” and “purelin” combination. Average error of model parameter determina-
tion was 14%. Elman Recurrent Neural Net provided the best accuracy; RMSE was equaled to
27 mg/dl.

It should be noted that track representation by all models appeared to be more precise when
neural network was trained by Bennett-Gourley’s model. The model parameters are presented
in Table 1 and its description is represented in the work of Tolic et al. [21].

We compared results of track modeling by Engelborghs’, Bennett-Gourley’s and sigma
model parameters with BG tracks for T1DM patients from DirecNet databases. Missing
parameters of first three models were defined by neural network; sigma model was built
according to parameters specified in experiment protocols. Results are represented in Figure 6.
Moments of food intake and insulin injections with corresponding doses are also marked on
the plot.

As it turned out, Sturis’ model is highly oscillating and has significant dips on the track after
food intake. Engelborghs’, Bennett-Gourley’s and sigma models describe BG track form rather
accurately; nevertheless, due to the fact that these models show better results in the case of
healthy subjects, it can be noticed that BG tends to return to initial value. Moreover, sigma
model is more accurate in describing BG track. Model error in the physiological blood glucose
concentration range was equal to 15.7 mg/dl. It makes the model applicable for BG prediction
algorithm development on its bases. It should be noted that presented RMSE is average for the
whole day. The accuracy is higher for short-term prediction (30 min) and model iterative
correction.

The disadvantage of the model is its ability to predict only growth or reduction of BG induced
by food intake or insulin injection, respectively. As there are a lot of other BG-affecting factors
[22], sigma model can be extended and improved but is applicable for prediction algorithm
development as is.
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Symbol Value Dimension

Vg 10 l

Rm 210 mmol/min

a1 300 mg/l

C1 2000 mg/l

Ub 72 mg/min

C2 144 mg/l

C3 1000 mg/l

Vp 3 l

Vi 11 l

E 0.2 l/min

U0 40 mg/min

Um 940 mg/min

β 1.77 –

C4 80 mol/l

Rg 180 mg/min

α 0.29 l/mol

C5 26 l/mol

ti 100 min

tp 6 min

td 36 min

Table 1. Model parameters for neural net training.

Figure 6. Comparison between BGC tracks based on experimental data and model.
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3. Predictive algorithm

BG prediction algorithm is needed for adjusting the rate of insulin injection and detection of
insulin pump or glucometer failure.

Algorithm is based on sigma model [23] and calculates BG dynamics for 2 hours in advance.
Initial BG level is measured by invasive glucose meter in the fasting state. On receiving new
data (from glucose monitor or from patient), a new prediction is made and previous pre-
dictions are erased. After each measurement made by BG monitor, the model analyses
received data. Incorrect system operation cases and algorithm response on that are described
below. If there are no errors in measurement process, new BG dynamic prediction is performed
on the base of received data. Linear shift of predicted track toward measured value is calcu-
lated as follows (Eq. (8)):

ΔG ¼ jGgluc � Gj � δm
δm þ δgluc

, (8)

where δgluc is glucose monitor value error and δm is averaged error of mathematic model for
the period between two measurements.

In order to evaluate measured BG adequacy, we consider two types of prediction: short-term
and long-term predictions, to detect local errors and systematic ones, respectively.

3.1. Error detecting and correction

The first type of errors is related to possible spikes due to BG monitor software or hardware
failure during BG measurements. Such kind of errors is revealed to single value of glucometer
data that differ significantly from predicted one. Threshold for taking measured value as
falling can be expressed as (Eq. (9))

δΣ ¼ 2 � δm þ δgluc
2

þ δtol (9)

where δΣ is the total tolerance and δtol is the theoretical tolerance of BG data deviation from
values obtained by the model when accurate measurement and modeling occur.

When such an error takes place, algorithm ignores the data from glucose monitor and con-
siders predicted data as true. Error signalization is not obligatory in this case. During the
period of seven measurements, only three falling out values are allowed. If incorrect values
appear, too often algorithm makes a report about possible system failure. Algorithm operation
example with such type of errors is represented in Figure 7.

The second error type is connected to damage (split or disconnection) or cross clamping of
insulin pump infusion set. Because of undelivered insulin, BG systematically increases. If long-
term prognosis differs from glucometer data with insulin being infused, the algorithm sends a
signal about possible error and suggests patient to check an infusion set (Figure 8).

It also may happen that a patient for some reason did not enter meal data. In this case, as well
as in the previous one, significant deviation of glucometer measurements from long-term
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prediction occurs. If insulin was not infused, algorithm sends a signal about the error (Figure 9)
and suggests patient to confirm that he/she didn’t have a meal during last 60 minutes.

In the case of sharp reduction of sensor sensibility, insulin pump breakdown, or other system
operation failure, systematical deviations occur and there is no possibility to eliminate them by
prior mentioned methods. Then algorithm reports about system failure, turns off automatic
insulin infusion and suggests a patient to consult his/her doctor.

Figure 7. Example of BG track spikes elimination by predictive algorithm.

Figure 8. Algorithm operation in the case of infusion system failure.
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3.2. Insulin dosage calculation

The aim of insulin pump is automatic insulin infusion in two regimes: basal and bolus. The
pancreas produces insulin in advance so that BG would be in certain range of values. There are
several schemes for individual insulin injections and in most cases, it should be injected before
BG meal. Rapid-acting insulin should be infused straight after the meal but before blood
glucose increase. Moreover, patients often need basal insulin infusion twice a day, but with
insulin pump, it is infused continuously [24]. Bolus insulin dose is calculated in accordance to
meal composition and product glycemic index.

Using such data and sigma model, one can calculate BG dynamics and evaluate dose and time
of insulin injection to make BG normal after food assimilation. As a rule a standard value is
used, for instance, 80 mg/dl. As sigma model is sensible only to food intake and insulin
injection, BG with t ! ∞ tends to a constant (Eq. (10)):

mf i �νi
kmT

� 1

1þ exp �α t� ti � τgluc � τ1
GIi

� �
= τ1
GIi

� �
0
@

1
A

0
@

1
A

t!∞

¼ mf i�νi
kmT

� 1
1þ expð�∞Þ

� �
¼ mf i�νi

kmT

�����

(10)

In order to reach desired BG value Gnorm (Eq. (11)), it is necessary to infuse the following insulin
volume nnorm (Eq. (12)):

Figure 9. Algorithm operation when patient didn’t enter meal data.
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Insulin infusion time depends on type of insulin used in the insulin pump. Selection of insulin
infusion pattern is performed according to definite kind of insulin. The pattern is selected to
minimize BG deviation from normal range of values. It is important to prevent hypoglycemic
values of BG, because lack of insulin can be compensated by additional bolus, but extra BG
reduction caused by insulin over-infusion cannot be balanced automatically.

Predicting track is shifted depending on measured BG values. As a result, it may happen that
real BG value after some time will be lower than it was initially predicted. Meanwhile a new
prediction will contain a zone where predicting value will appear in hypoglycemia area.
Insulin and food have assimilation delays. If insulin of extra value is infused, it will be
impossible to register and correct appropriate BG changes and a patient will have hypoglyce-
mia after a while. In order to avoid hypoglycemia, it was offered to infuse only 75% of bolus
value at once and the rest after increase of BG.

3.3. Concept of predictive algorithm work principles

General concept of predictive algorithm operation is represented by the flowchart (Figure 10).

3.4. Experimental tests

Algorithm was approbated using BG tracks from DirecNet database.

Algorithm successfully detected cases of meal data absence. In the case further data input and
algorithm operation were impossible to perform. As all tests were performed under the
medical supervision, DirecNet protocols have no data about possible insulin infusion system
failure.

However, measured BG tracks had many spikes. Results of such kind of error elimination are
represented in Table 2.

Algorithm corrected 97.5% of BG monitor errors. Meanwhile only 3.7% of correct BG
monitor data was detected as errors. Generally, measurements were taken as errors in
the ranges of BG sharp ascent and descent due to food intake or insulin infusion, respec-
tively. That is explained by high track differential. Having that, little variations of delays
in food uptake and in insulin infusion lead to significant difference of predicted and real
BG values. Uncorrected errors of BG appeared, when spikes had deviated toward the
predicted track and then had fallen into algorithm’s correct values zone. Along with real
errors of BG monitor, the synthetic errors were included in tracks. Approbation of the
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Figure 10. Prediction algorithm operation flowchart.
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algorithm confirmed its sensibility to mentioned situations; however, they rarely happen
in practice.

4. Results and discussion

Sigma model rather accurately describes BG dynamics in patients with diabetes mellitus. For
initial model approbation, only food intake and insulin injection data were taken into account.
Other factors affecting BG dynamics can be included in the model after additional research. In
this case, more precise clinical data will be needed for mathematic model approbation. Never-
theless, the advantage of sigma model is that it does not require a lot of physiological param-
eters of patient and can be used for BG prediction as is.

Described model approbation shows that RMSE of Bennett-Gourley model is 18.21 mg/dl. In
spite of its simplicity, sigma model has the lowest RMSE among all tested models—15.7 mg/dl.
This model contains no differential equations and requires minimal computing power in
“artificial pancreas” technical embodiment.

Developed predictive algorithm is based on the sigma model. The algorithm estimates the
difference between theoretical and experimental tracks with possibility of further correction.
BG prediction algorithm is needed for detection of incorrect measurements and correction
spikes on BG track. That allows patient to avoid incorrect insulin infusion or glucose intake
and reduce possible risks.

Moreover, the algorithm alerts about closed-loop BG control system failures. It allows patient
to detect damage or cross clamping of insulin pump infusion set and actualize meal data.
Meanwhile patient at his own risk can continue system operation.

The algorithm allows making glucometer-insulin pump system automatic and its work more
physiological. Due to insulin doses and injection time calculation, it is infused in advance
(before patient BG ascent). Automatic system avoids errors when patient calculates insulin
doses and injects it himself.

The algorithm was tested using 52 tracks with full information about the patient’s schedule of
food intake, insulin injections, etc. Thus, the algorithm suggested in this work makes it possi-
ble to avoid 97.5% cases of incorrect operation of the BG monitor. In this case, the RMSE of the
calculated blood glucose concentration values was 11.06 mg/dl.

Measured Algorithm

Correct Error

Correct 1102 (96.3%) 42 (3.7%)

Error 4 (2.5%) 152 (97.5%)

Table 2. Algorithm test results.
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