
Sugar Intake 
Risks and Benefits and the  
Global Diabetes Epidemic

Edited by Ian James Martins

Edited by Ian James Martins

Rates of diabetes are increasing worldwide with cases spreading to various regions of 
both developing and developed countries, increasing the risk of various organ diseases. 

Nutritional interventions such as low-calorie, low-sugar diets have now become 
critical for combatting the disease. Written by experts from around the globe, this 

book examines the risks and benefits of sugar intake and the critical role of functional 
foods in treating diabetes. The chapters provide information to control sugar intake 

and to prevent the induction of organ disease in diabetic individuals.

Published in London, UK 

©  2021 IntechOpen 
©  Frank Cornelissen / iStock

ISBN 978-1-83881-121-1

Sugar Intake - Risks and Benefits and the G
lobal D

iabetes Epidem
ic





Sugar Intake - Risks and 
Benefits and the Global 

Diabetes Epidemic
Edited by Ian James Martins

Published in London, United Kingdom





Supporting open minds since 2005



Sugar Intake - Risks and Benefits and the Global Diabetes Epidemic
http://dx.doi.org/10.5772/intechopen.87269
Edited by Ian James Martins

Contributors
Sage Arbor, Tomoya Shintani, Laura Lema-Perez, Hideya Shintani, Koichiro Takagi, Mariko Ueno, Mitsue 
Muraoka, Frankie B. Stentz, Grace Ogbonna, Rosemary Ehigbo, Hannah Ogbonna, Yun Yan, Wayne V. 
Moore, Luke He, Ghufran S. Babar, Jacob M. Redel, Sabetha L . Young, Callie Chagas, Kang Li, Ian 
James Martins

© The Editor(s) and the Author(s) 2021
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2021 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Sugar Intake - Risks and Benefits and the Global Diabetes Epidemic
Edited by Ian James Martins
p. cm.
Print ISBN 978-1-83881-121-1
Online ISBN 978-1-83881-122-8
eBook (PDF) ISBN 978-1-83881-167-9



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

5,400+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

133,000+
International  authors and editors

160M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editor

Dr. Ian James Martins has a DSc in Science in Nutrition and an 
MD in Diabetology. He is an editor and reviewer for various na-
tional and international journals. He received the Distinguished 
Scientist award from the International Scientist Awards on Engi-
neering, Science and Medicine in 2021. He was also recognized 
as Top Peer Reviewer by the Global Peer Review Awards in 2019. 
Dr. Martins ranks in the top 1% of cited researchers according to 

the Essential Science Indicators (ESI) tool. He has an h index of 132 with more than 
15,000 citations over the past 27 years. He also has 205 international certificates 
from journals, conferences, congresses, and summits. Dr. Martins is a member of 
the BIT Congress. 



Contents

Preface XI

Chapter 1 1
Introductory Chapter: Sugar Intake and Global Chronic Disease
by Ian James Martins

Chapter 2 5
The Sugars with the Potential to Prolong Human Life
by Tomoya Shintani, Laura Lema-Perez and Hideya Shintani

Chapter 3 21
Impact of Sugar on Vision
by Grace Ogbonna, Rosemary Ehigbo and Ogbonna Hannah

Chapter 4 39
Biological Responses to the Consumption of Non-Nutritional Sweeteners
by Sage Arbor

Chapter 5 65
Hyperglycemia- and Hyperlipidemia-Induced Inflammation and  
Oxidative Stress through Human T Lymphocytes and Human Aortic 
Endothelial Cells (HAEC)
by Frankie B. Stentz

Chapter 6 81
Gain or Loss? The Effect of Ad Framing on the Intention to Control 
Sugar Intake
by Kang Li

Chapter 7 95
Fructose Intake: Metabolism and Role in Diseases
by Luke He, Ghufran S. Babar, Jacob M. Redel, Sabetha L. Young, 
Callie E. Chagas, Wayne V. Moore and Yun Yan

Chapter 8 121
Main Organs Involved in Glucose Metabolism
by Laura Lema-Pérez

Chapter 9 135
Application of a Pedometer for the Management of Impaired Glucose  
Tolerance in Pregnant Women
by Mariko Ueno, Mitsue Muraoka and Koichiro Takagi



Contents

Preface XIII

Chapter 1 1
Introductory Chapter: Sugar Intake and Global Chronic Disease
by Ian James Martins

Chapter 2 5
The Sugars with the Potential to Prolong Human Life
by Tomoya Shintani, Laura Lema-Perez and Hideya Shintani

Chapter 3 21
Impact of Sugar on Vision
by Grace Ogbonna, Rosemary Ehigbo and Ogbonna Hannah

Chapter 4 39
Biological Responses to the Consumption of Non-Nutritional Sweeteners
by Sage Arbor

Chapter 5 65
Hyperglycemia- and Hyperlipidemia-Induced Inflammation and  
Oxidative Stress through Human T Lymphocytes and Human Aortic 
Endothelial Cells (HAEC)
by Frankie B. Stentz

Chapter 6 81
Gain or Loss? The Effect of Ad Framing on the Intention to Control 
Sugar Intake
by Kang Li

Chapter 7 95
Fructose Intake: Metabolism and Role in Diseases
by Luke He, Ghufran S. Babar, Jacob M. Redel, Sabetha L. Young, 
Callie E. Chagas, Wayne V. Moore and Yun Yan

Chapter 8 121
Main Organs Involved in Glucose Metabolism
by Laura Lema-Pérez

Chapter 9 135
Application of a Pedometer for the Management of Impaired Glucose 
Tolerance in Pregnant Women
by Mariko Ueno, Mitsue Muraoka and Koichiro Takagi



Preface

The increase in diabetes cases worldwide is associated with accelerated aging, 
pancreatic dysfunction, and the induction of various chronic diseases. There is now 
a type 3 diabetes, which is associated with various brain diseases such as stroke, 
dementia, and Alzheimer’s disease. Sugar intake is critical to healthy aging and 
determines mitochondrial survival in the pancreas and brain. There is an increased 
risk for the development of diabetes in both the developing and developed world. 
Insulin therapy and sugar intake are closely connected to non-alcoholic fatty liver 
disease (NAFLD) with insulin therapy inactivation associated with brain diseases 
and NAFLD, which are now major global organ diseases. The recalculation of daily 
sugar intake is critical to maintain anti-aging genes and to reverse accelerated 
aging, NAFLD, and neurodegeneration connected to the global diabetes epidemic. 
Discoveries in genomic medicine and nutrition sciences have become important to 
maintain insulin dosing and timing in diabetic individuals to prevent the natural 
progression of hyperglycemia-induced severity of diabetic complications. Medical 
devices that promote diabetes technology assist with continuous infusion of 
subcutaneous insulin, which plays an important role in the treatment of diabetes. 
Preventing micro and macrovascular consequences of prolonged hyperglycemia 
and delaying the progressive loss of β-cell function are the key goals of anti-diabetes 
therapies. Key milestones in diabetes technology include the development of 
the artificial pancreas, which may be one of the most promising treatments ever 
for this disease. The severity of the global chronic disease epidemic may involve 
uncontrolled progression that may override basic insulin therapy with costs 
expected to reach $250 billion dollars. In the United States, unexpected health costs 
of diabetes are estimated to reach $344 billion dollars by 2040. The use of various 
anti-hyperglycemic drugs is important to the treatment of diabetes with effects 
on β-cell function. Major efforts have been made to identify biomarkers of insulin 
resistance and to delay multiple organ disease syndrome associated with diabetes. 
The major concern of uncontrolled hyperglycemia and mitochondrial apoptosis 
in diabetics is the impetus for the publication of this book. Written by experts 
from around the globe, this book examines the risks and benefits of sugar intake 
and the critical role of functional foods in treating diabetes. The chapters provide 
information to control sugar intake and to prevent the induction of organ disease 
in diabetic individuals. Food restriction and low-calorie diets are critical to reverse 
multiple organ disease in diabetes and prevent mitochondrial apoptosis, which 
leads to programmed cell death.

Dr. Ian James Martins
Independent Scientist,

Perth, Australia
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Chapter 1

Introductory Chapter: Sugar 
Intake and Global Chronic Disease
Ian James Martins

1. Introduction

The incidence of diabetes has been predicted to increase to 21% by 2050. In 
various continents, the rise in the global diabetes epidemic has been associated 
with diseases of various organs related to obesity, diabetes and neurodegenerative 
diseases [1]. Type 2 diabetes is now connected to Type 3 diabetes that involves the 
brain early in life associated with various brain diseases such as stroke, dementia, 
and Alzheimer’s disease. Sugar intake is now critical to healthy aging and deter-
mines mitochondrial survival [2] and the lifespan of diabetics in the developing 
and developed world (Figure 1). The risk of sugar (glucose, fructose) intake is 
associated with amyloid-beta aggregation and programmed cell death relevant to 
neurodegeneration and Alzheimer’s disease. Insulin therapy and sugar intake are 
closely connected to the global non-alcoholic fatty liver disease (NAFLD) with insu-
lin therapy inactivation associated with the induction of NAFLD [1]. Food quality 
[3] is critical to the global diabetes epidemic with recalculation of daily sugar intake 
essential to maintain the anti-aging gene and to reverse accelerated aging, NAFLD 
and neurodegeneration.

The guidelines on dietary sugar require critical recommendations [4] with 
relevance to functional food science. Food scientists indicate that functional foods 
contain biologically active compounds that have advantageous physiological effects 
that play an important role in the prevention of insulin resistance. Nutritional science 
provides functional foods with the required amounts of natural compounds [5] that 
prevent mitophagy and reverse programmed cell death. This book contains chapters 
that assist food scientists with relevance to sugar intake (risks and  benefits) and are 

Figure 1. 
The role of sugar intake is critical to mitochondrial survival that is connected to diabetes, NAFLD and 
Alzheimer’s disease.

XIV
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Ian James Martins
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important to the critical role played by functional foods in the treatment of individu-
als from the global chronic disease. The chapters published in this book are from 
various authors around the world. These authors have written excellent chapters that 
maintain the high standards for the best book companies. The quality of the research 
contributed in chapters include research on the impact of sugar on vision, use of 
pedometer for the management of impaired glucose intolerance, fructose intake with 
relevance to metabolism and severity in chronic diseases. The role of organs involved 
in glucose metabolism and the effect of ad framing on the intention to control sugar 
intake is assessed. The biological responses to the consumption of non-nutritional 
sweeteners is assessed with the role of hyperglycemia and hyperlipidemia induced 
activation of human T lymphocytes and inflammation and inhibition by ω- 3 Fatty 
Acid. The research on critical elements of dietary carbohydrates and the metabolic 
syndrome with relevance to the sugars with the potential to prolong human life 
are discussed in this scholarly book. The research contributed in these chapters 
by the authors is of key  interest to functional foods and the current global chronic 
disease epidemic. The role of anti-aging genes [6, 7] are of critical interest that 
when activated will reverse impaired glucose tolerance, improve vision, extend life 
and improve the metabolic syndrome in diabetes. The research mentioned in these 
chapters will improve the anti-aging gene release of anti-aging proteins [8] that are 
critical to longevity and reversal of the global chronic disease epidemic. The risk and 
benefits of sugar intake as outlined in this book may revolve around the activation 
and repression of the anti-aging gene that is critical to mitochondrial survival and if 
the question with relevance to risks and benefits of sugar intake remains unanswered 
it may lead to the predicted global increase in NAFLD, diabetes and neurodegenerative 
disease by the year 2050.

© 2021 The Author(s). Licensee IntechOpen. 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. 
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Chapter 2

The Sugars with the Potential to 
Prolong Human Life
Tomoya Shintani, Laura Lema-Perez and Hideya Shintani

Abstract

Sugar is the main source of energy for all cells in the human body. On the other 
hand, cells can also obtain energy from fats and proteins depending on conditions, 
although this metabolic process is more difficult and less common in cells. Sugar 
intake has increased in recent decades and is included in most of our dietary prod-
ucts. However, many studies indicate that sugar intake increases the prevalence of 
suffering from various harmful health conditions such as obesity. As a consequence, 
obesity is related to several chronic diseases such as hypertension, insulin resistance, 
and diabetes mellitus in humans. This is due to an excessive intake of sugars and sed-
entary lifestyles, causing a deterioration in the organs of our body, and consequently, 
reducing life expectancy. In this chapter, sugars that both shorten and lengthen life 
expectancy are presented. The latter are recent options that have emerged in order to 
continue sweetening our food in a healthier way, and would be new geroprotectors.

Keywords: Lifespan, healthy life, sugar, glucose metabolism

1. Introduction

Sugar is the main source of energy for the cells of the human body and is a 
nutrient that is abundantly found in nature and is widely used in the food pro-
cessing industry. In the 1970s and 1980s, a strong association was found between 
cardiovascular disease, the number 1 cause of death in the world, and fat intake. 
For this reason, the food industry began to create low-fat but high-sugar consumer 
products. Today there is evidence that the high consumption of sugars in the recent 
decades has triggered a lot of chronic diseases that were not previously known, as 
diabetes mellitus. The appearance of chronic diseases such as diabetes mellitus has 
increased exponentially. Diabetes mellitus, e.g., is considered today a pandemic, 
due to it is one of the most prevalent not transmissible diseases in the world. The 
role sugar intake that is linked to aging is now relevant to the global chronic disease 
epidemic [1]. The global nonalcoholic fatty liver disease epidemic also has now 
become of major concern to diabetes [2].

Many scientific studies show that the increase in chronic diseases is due to exces-
sive consumption of sugars and low-quality carbohydrates. This chapter presents in 
Section 2 the relationship between human life expectancy and sugar consumption, 
including a brief explanation of glucose metabolism in the human body. Later, 
Section 3 presents sugars as glucose, fructose, and galactose known as likely to 
shorten life with excessive intake. On the other hand, Section 4 presents sugar with 
potential to extend life expectancy like 2-deoxy-glucose, allulose, and glucosamine. 
Finally, the conclusions are presented.
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2. Interaction of lifespan and sugar

2.1 Sugar consumption in human

Humans are always aging. The progress of aging and the life span are affected by 
environmental factors inside and outside the living body. One of the most promis-
ing environmental factors is oxidative stress. The free radical theory of aging is 
based on the idea that active oxygen, which is a causative agent of oxidative stress, 
oxidatively damages biomolecules and causes their accumulation to cause a decline 
in cell function, which causes aging [3]. Active oxygen is considered as a cause of 
various diseases as well as aging. Therefore, “antioxidant therapy” has been devised, 
which aims to treat diseases by controlling active oxygen as a toxic factor.

The generation of active oxygen is largely related to mitochondria. The main 
physiological role of mitochondria is to produce energy, or ATP. The ATP synthetic 
pathway includes anaerobic glycolysis that does not require oxygen and aerobic 
oxidative phosphorylation that requires oxygen [4]. The primary function of 
mitochondria is this oxidative phosphorylation. That is, by utilizing oxygen, 
more ATP is produced more efficiently than the glycolytic system. This oxidative 
phosphorylation is carried out by the electron transfer system existing in the inner 
mitochondrial membrane. About 100 kinds of proteins are involved in the electron 
transfer system, and various enzymes form a complex (Complex I to IV). In mito-
chondria, surprisingly, in addition to oxidative phosphorylation, metabolism such 
as ion channels, intracellular calcium homeostasis, fatty acid β-oxidation, neutral 
fat cycle, urea cycle, amino, fat, heme, purine, steroid and steroid hormone syn-
thesis. It has various functions related to. Normally, 2 to 3% of electrons leak from 
the electron transport system, and the leaked electrons react with the most reactive 
oxygen molecule in the vicinity to produce superoxide.

Active oxygen is generated not only by external factors but also by internal 
factors. In mitochondria, active oxygen is produced as a by-product during the 
process of energy production. Some phagocytic cells produce active oxygen for the 
treatment of foreign substances such as bacteria. In some aspects, active oxygen is 
not necessarily an unfavorable existence for living things. Subsequent studies have 
revealed that active oxygen has a role as a physiologically active substance and a 
redox signal molecule [5, 6].

2.2 ROS generation and mitochondrial respiration

Complex I and Complex III are well known as the main generation sites of 
superoxide [7, 8]. Complex II also contributes to active oxygen produced from 
mitochondria [9]. Other mitochondrial enzymes that are not directly involved in 
the electron transport system also play a part in the production of mitochondrial 
active oxygen, and dihydroorotic acid oxidase is a by-product during the conversion 
of dihydroorotic acid to orotic acid and also the TCA (tricarboxylic acid) cycle. 
It has been reported that α-ketoglutarate dehydrogenase, which is an enzyme of 
Escherichia coli, also produces NADH/NAD+-dependent active oxygen [10, 11].

The mitochondrial oxidative metabolism of glucose is the most commonly 
known mechanism through which the ingestion of carbohydrates generates oxida-
tive stress. Mitochondrial oxidative metabolism of glucose leads to the generation 
of reactive oxygen species (ROS). When glucose intake is high, glucose levels in the 
bloodstream rise, increasing many metabolic processes inside the cells regarding 
glucose metabolism, consequently increasing the ROS, and including the auto-oxi-
dation, through the mitochondria. The mitochondrial respiration chain generates 
free radicals as a result of electron transport and depletion of the oxygen molecule. 
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Higher glucose consumption in the cell from the mitochondria causes a higher num-
ber of ROS [12]. Several studies [13] indicate that ROS, extremely reactive chemical 
molecules, are the major cause of the aging process in humans.

2.3 Hormesis

Hormesis is a biphasic response to exposure to increasing amounts of a sub-
stance [14]. Within the hormesis, there is generally a relatively favorable biological 
response to low exposures to toxic substances and other stressors. The concept of 
hormesis has been explored extensively with respect to its applicability is aging 
[15]. Because the survival capacity of any biological system is dependent on its 
defensive ability, exposing organisms to stress is expected to result in the adaptive 
response with various benefits. This idea has now gathered a large body of sup-
portive evidence showing that repetitive mild stress exposure has anti-aging effects 
[16, 17]. Hormetic interventions have also been proposed at the clinical level [18], 
with a variety of stimuli, challenges and stressful actions, that aim to increase the 
dynamical complexity of the biological systems in humans [19].

ROS, which mentioned above, may perform an important lifespan-depending 
role as redox signaling molecules which transduce signals from the mitochondrial 
compartment to other compartments of the cell [20]. Increased temporarily forma-
tion of ROS within the mitochondria may cause an hormesis effect and reaction 
which induces increased stress resistance and a long-term reduction of oxidative 
stress. This type of reverse effect of the response to ROS stress has been named 
mitochondrial hormesis and is hypothesized to be responsible for the respective 
lifespan-extending capabilities of glucose restriction [20].

2.4 Sugar metabolism

Life is active. Energy is essential for activities. The most important source of 
energy for the cells of the human body is glucose. They create energy from glucose 
to stay alive and to carry out many metabolic processes in different organs and tis-
sues. Humans have easy access to glucose. Glucose enters the human body through 
the mouth, where it begins to be processed by the amylases contained in saliva [21]. 
After that, the glucose travels up the esophagus to the stomach. Glucose and carbo-
hydrates in general that reach the stomach do not undergo chemical or mechanical 
changes, since the enzymes that degrade them are not active at the acid pH that is 
in the stomach. The glucose then reaches the intestine, where it is absorbed into 
the bloodstream through the intestinal wall [21]. Then, glucose is metabolized in 
the liver thanks to the action of insulin. Excess glucose is stored as glycogen, while 
a quantity of glucose continues into the systemic circulation through the hepatic 
veins. Thus, glucose reaches all tissues to be used in cellular mitochondria as energy.

Glucose is absorbed quickly, whereas fructose is converted to glucose (10%) and 
the remaining 90% is absorbed as fructose. Sixty percent of the absorbed glucose 
is taken up by other tissues, such as the liver, 25% by the brain, 10% by muscle, and 
5% by adipose tissue [22]. Meanwhile, almost all of the absorbed fructose is taken 
up by the liver. The glucose and fructose taken up by the liver is consumed in the 
glycolytic system, through the TCA cycle, and in ATP production, with the excess 
converted to glycogen and triglycerides. However, there is a major metabolic differ-
ence between glucose and fructose in the liver. Glucose is regulated by the insulin-
dependent metabolic rate-limiting enzymes glucokinase, phospho-fructokinase, 
and glycogen synthase, but in the case of fructose, this regulatory mechanism does 
not work well. Fructose is mostly phosphorylated by fructokinase. However, there 
is no mechanism to control the phosphorylation of fructose and its subsequent 
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metabolism. Therefore, the influx of excess fructose into the liver leads to increased 
synthesis of triglycerides and release of triglycerides into the blood, resulting in 
hypertriglyceridemia because of the limited glycogen stores in the liver [23]. This 
process is especially active in diabetes mellitus with insufficient insulin action, 
because glycogen synthesis and ATP production are not as smooth as they could be.

3. Sugars with the potential to shorten human life

Glucose, fructose, and galactose are sugars that are likely to be short-lived with 
excessive intake. Specific characteristics of each one of them are presented in this 
section.

3.1 Glucose

Glucose is a simple sugar with the molecular formula C6H12O6, as shown in 
Figure 1. Glucose is the most abundant monosaccharide, a subcategory of carbo-
hydrates. Glucose is mainly made by plants and most algae during photosynthesis 
from water and carbon dioxide, using energy from sunlight, where it is used to 
make cellulose in cell walls, which is the most abundant carbohydrate [24]. In 
energy metabolism, glucose is the most important source of energy in all organ-
isms. Glucose for metabolism is stored as a polymer, in plants mainly as starch 
and amylopectin, and in animals and humans as glycogen. Glucose circulates in 
the blood of animals as blood sugar. Glucose in the blood is the source of energy 
for cells throughout the body and is supplied through food intake and transported 
through the bloodstream.

Excessive glucose intake is directly linked to diabetes. Diabetes mellitus is one 
of the most prevalent chronic non-communicable diseases today. Type 2 diabetes 
mellitus (DM) is a progressive disease by uncontrolled plasma glucose levels. In 
the epidemiological study drawn from the general population, random glucose 
consumption showed a significant association with all-cause mortality, independent 
of main potential confounders [25]. Thus, random glucose measures are highly 
relevant to health risk assessment among people without known diabetes when fast-
ing glucose or HbA1c is difficult to obtain.

DM results from a combination of factors affecting both insulin sensitivity and 
β-cell function. Chronic hyperglycemia imposes glucose toxicity on many cell types and 
is correlated with the myriad of DM-related complications [26]. Cells most vulnerable 
to the effects of prolonged elevated plasma glucose levels include pancreatic cells and 
vascular endothelial cells. The ensuing pancreatic dysfunction promotes decreased 

Figure 1. 
Linear chemical structure (left) and Haworth projection structure (right) of a glucose molecule.
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insulin secretion, further perpetuating the associated hyperglycemia. On the vascular 
endothelium, chronic hyperglycemia is correlated with some types of DM-related 
microvascular complications, including retinopathy and nephropathy [26].

3.2 Fructose

Fructose is contained in many fruits, vegetables, and honey. It is a monosac-
charide with the same molecular formula as glucose (C6H12O6), but with a different 
structure (see Figure 2), that is, it is an isomer of it. An increase intake of sugars, 
including fructose, in beverages is related to high prevalence of having obesity, type 
2 DM, insulin resistance, hyperinsulinemia, and hypertension in humans. These 
chronic diseases without a good treatment or if they are not well controlled, cause a 
decrease in life expectancy. Nowadays, there is little scientific evidence for the fruc-
tose and its relationship with life expectancy in humans. It is known that fructose 
metabolism mainly occurs in the enterocytes (cells of the small intestine), hepa-
tocytes (cells in the liver), and nephrons (cells in the kidneys) [27]. Nevertheless, 
few studies indicate that fructose could extend lifespan in some organisms as the 
nematode, fly and mice. This is due to life of many of those organisms, including 
yeast, is regulated by the insulin/IGF-1(Insulin-like Growth Factor-1)-signaling 
pathway [28].

On the other hand, high fructose corn syrup (HFCS) is commercially produced 
by isomerizing glucose to fructose. The taste quality of it is like sucrose and the 
price is affordable. This monosaccharide is a component of sucrose and is highly 
sweet (140% the sweetness of sucrose), leading to its frequent use in the food 
industry, particularly for beverage production. Thus, fructose consumption is 
common in the beverage industry, in which more sweetness is often needed [29]. In 
the field, fructose is used as a mixture of fructose and glucose, e.g., high fructose 
corn syrup, which is easy and inexpensive to manufacture from glucose. Thus, 
HFCS has been used for various foods such as beverages, confectionery, desserts 
and bakery. However, consumption of HFCS has been reported to be one of risk 
factors developing diabetes and obesity [30]. Sirtuin 1 is an anti-aging gene that 
becomes downregulated with relevance to the global chronic disease epidemic. 
Glucose and Fructose induce changes in Sirtuin 1 protein levels with relevance 
to induction of the metabolic syndrome and multiple organ disease syndrome 
[31]. Consumption of glucose and fructose should be carefully monitored with 
relevance to plasma Sirtuin 1 levels that now are connected to obesity, diabetes, 
NAFLD and neurodegenerative diseases [32]. Fructose induces gluconeogenesis 
and lipogenesis [33]. Excessive intake of fructose has been reported to result in 
short life [34].

Figure 2. 
Linear chemical structures of a fructose molecule (left) and a glucose molecule (right).
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3.3 Galactose

Galactose is a C-4 epimer of glucose, as can be seen in Figure 3. Galactose, 
along with fructose and glucose, is an essential simple sugar included in the human 
diet. Galactose is a component of lactose, the disaccharide of which is contained in 
approximately 10% of milk. Lactose is a disaccharide that makes up around 3–7% 
of milk [35] and is derived from the condensation of galactose and glucose, which 
forms a β-glycosidic bond. Therefore, galactose can be consumed individually or 
in combination with other sugars in the form of more complex carbohydrates [36] 
to be digested and absorbed mainly in the small intestine into the bloodstream. In 
addition to being absorbed through the small intestine, some reports indicate that 
the human body can produce galactose endogenously [37] under some metabolic 
disorders associated with genetic mutations in enzymes of the Leloir pathway [38].

Many volumes of the disaccharides are produced annually as a by-product of 
the dairy industry [39]. Milk is consumed by people worldwide. However, lactose 
in milk may cause health problems in individuals with lactose intolerance [40, 41]. 
Thus, methods for lactose degradation in milk have been extensively studied 
[42, 43] and the lactose-free milk is produced and commercialized. In this case, 
studies have been conducted to assess blood glucose levels when lactose-free milk is 
consumed and a tendency to hyperglycemia was found 2 hours after consumption 
even in healthy people. The condition of hyperglycemia can be caused because lac-
tose is ingested in its simplest forms, galactose, and glucose, and therefore it can be 
absorbed directly in the small intestine into the bloodstream, without going through 
digestion processes in the gastrointestinal tract. On the other hand, galactose can be 
produced industrially by lactase (β-galactosidase) derived from food microorgan-
isms [44]. However, due to its low sweetness and limited research regarding its 
safety and functions [45], utilization of pure galactose in the food industry is not yet 
widespread [46]. Many animal studies have showed galactose induced accelerated 
aging in rodents [47, 48].

4. Sugars with the potential to prolong human life

2-Deoxy-glucose (2DG), allulose (AL), and glucosamine (GN) are sugars that 
are likely to be prolong life with intake. These monosaccharides would be new 
geroprotectors. This section describes a brief detail of all of them.

4.1 2-Deoxy-glucose

2DG is a glucose analog in which the 2-hydroxyl group is replaced by a hydrogen 
atom, as shown in Figure 4. 2DG is not at all metabolized via glycolysis and was 

Figure 3. 
Linear chemical structures of a galactose molecule (left) and a glucose molecule (right).
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the first proposed calorie restriction mimetic [49]. It is considered to delay aging-
related diseases and prolong the lifespan by suppressing glycolytic activity [50]. 
Schulz et al. [51] suggested a detailed mechanism for the 2DG longevity effect in C. 
elegans based on a hypothesis named as “mitochondrial hormesis”. The hypothesis 
means that induction of mitochondrial metabolism may trigger a positive response 
to increased formation of ROS, leading to a hermetic increase in defense for stresses, 
resulting in decreased total stress levels. Inhibition of glycolysis by 2DG induces the 
utilization of stored lipid and mitochondrial respiration via AMPK (AMP-activated 
protein kinase). In a study comparing the effects of 2DG and calorie restriction in 
rodents, 2DG administration showed the same effects on locomotory activity, heart 
rate, and blood pressure as calorie restriction [52].

The same group of rodents demonstrated the protective effect of 2DG against 
glutamate excitotoxicity and upregulation of stress response proteins, in hippo-
campal cells [53]. Moreover, the same group demonstrated an improved behavioral 
outcome of 2DG treatment and reduced degeneration of dopaminergic neurons in a 
Parkinson’s disease model [54], as well as decreases in proliferating cell nuclear anti-
gen and bromodeoxyuridine-positive tumor cells [55]. On the other hand, a study 
in nematodes [56] found that the magnitude of gene expression values changes 
significantly when they are feeding with 2DG, the change is proportional to the age, 
but the most important thing is that their lifespan could be considerably extended.

Although 2DG shows the same effects as calorie restriction, few studies have 
examined its ability to extend lifespan. Rather, long-term 2DG ingestion induced 
heart vacuolation in rats and increased mortality [57]. However, 2DG is considered 
a potential caloric restriction mimetic due to it has effects on the metabolism that 
might regulate increases of the stress responses which protect against several aging 
processes, by improving longevity without a reduction or complete suppression 
of food intake. In this sense, Ingram et al. [58] shown that the use of 2DG reduces 
body temperatures, Dark et al. [59] report an increment of lethargy, Wan et al. [60] 
support a reduction of heart rate, and other studies indicate a declination of insulin 
and glucose blood levels [61, 62].

4.2 Allulose

Allulose (AL; psicose), a C-3 epimer of fructose (see Figure 5), is a rare hexose 
sugar present in a limited quantity in nature. In fact, this compound is isolated from 
natural products marketed as a functional sweetener with zero calories [62], easy to 
produce from d-fructose, in order to use it as a healthier sweetener in industrialized 
products.

In the previous decade, numerous studies showed that AL exhibits various 
activities, such as antihyperglycemic and antiobesity effects [63, 64], increment 
in the insulin sensitivity, attenuate cognitive impairment, delay diseases of aging, 

Figure 4. 
Linear chemical structures of a 2-deoxy-glucose molecule (left) and a glucose molecule (right).
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safety and functions [45], utilization of pure galactose in the food industry is not yet 
widespread [46]. Many animal studies have showed galactose induced accelerated 
aging in rodents [47, 48].

4. Sugars with the potential to prolong human life

2-Deoxy-glucose (2DG), allulose (AL), and glucosamine (GN) are sugars that 
are likely to be prolong life with intake. These monosaccharides would be new 
geroprotectors. This section describes a brief detail of all of them.

4.1 2-Deoxy-glucose

2DG is a glucose analog in which the 2-hydroxyl group is replaced by a hydrogen 
atom, as shown in Figure 4. 2DG is not at all metabolized via glycolysis and was 

Figure 3. 
Linear chemical structures of a galactose molecule (left) and a glucose molecule (right).

11

The Sugars with the Potential to Prolong Human Life
DOI: http://dx.doi.org/10.5772/intechopen.97885

the first proposed calorie restriction mimetic [49]. It is considered to delay aging-
related diseases and prolong the lifespan by suppressing glycolytic activity [50]. 
Schulz et al. [51] suggested a detailed mechanism for the 2DG longevity effect in C. 
elegans based on a hypothesis named as “mitochondrial hormesis”. The hypothesis 
means that induction of mitochondrial metabolism may trigger a positive response 
to increased formation of ROS, leading to a hermetic increase in defense for stresses, 
resulting in decreased total stress levels. Inhibition of glycolysis by 2DG induces the 
utilization of stored lipid and mitochondrial respiration via AMPK (AMP-activated 
protein kinase). In a study comparing the effects of 2DG and calorie restriction in 
rodents, 2DG administration showed the same effects on locomotory activity, heart 
rate, and blood pressure as calorie restriction [52].

The same group of rodents demonstrated the protective effect of 2DG against 
glutamate excitotoxicity and upregulation of stress response proteins, in hippo-
campal cells [53]. Moreover, the same group demonstrated an improved behavioral 
outcome of 2DG treatment and reduced degeneration of dopaminergic neurons in a 
Parkinson’s disease model [54], as well as decreases in proliferating cell nuclear anti-
gen and bromodeoxyuridine-positive tumor cells [55]. On the other hand, a study 
in nematodes [56] found that the magnitude of gene expression values changes 
significantly when they are feeding with 2DG, the change is proportional to the age, 
but the most important thing is that their lifespan could be considerably extended.

Although 2DG shows the same effects as calorie restriction, few studies have 
examined its ability to extend lifespan. Rather, long-term 2DG ingestion induced 
heart vacuolation in rats and increased mortality [57]. However, 2DG is considered 
a potential caloric restriction mimetic due to it has effects on the metabolism that 
might regulate increases of the stress responses which protect against several aging 
processes, by improving longevity without a reduction or complete suppression 
of food intake. In this sense, Ingram et al. [58] shown that the use of 2DG reduces 
body temperatures, Dark et al. [59] report an increment of lethargy, Wan et al. [60] 
support a reduction of heart rate, and other studies indicate a declination of insulin 
and glucose blood levels [61, 62].

4.2 Allulose

Allulose (AL; psicose), a C-3 epimer of fructose (see Figure 5), is a rare hexose 
sugar present in a limited quantity in nature. In fact, this compound is isolated from 
natural products marketed as a functional sweetener with zero calories [62], easy to 
produce from d-fructose, in order to use it as a healthier sweetener in industrialized 
products.

In the previous decade, numerous studies showed that AL exhibits various 
activities, such as antihyperglycemic and antiobesity effects [63, 64], increment 
in the insulin sensitivity, attenuate cognitive impairment, delay diseases of aging, 

Figure 4. 
Linear chemical structures of a 2-deoxy-glucose molecule (left) and a glucose molecule (right).
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slow down cardiac aging, and prolong median life span [65, 66]. Toyoda et al. [67] 
reported that long-term administration of AL maintained glucose tolerance and 
insulin sensitivity in rats via hepatic glucokinase activation. Thus, AL is expected 
to be a potent antidiabetic sweetener. AL enters cells through glucose transporters 
and inhibits glycolysis, inducing the metabolism of stored fat and mitochondrial 
respiration via AMPK. Increased respiration causes temporary upregulation of ROS 
production, leading to increased antioxidant activity, oxidative stress resistance, 
and survival rates [68]. Although sirtuin is reported to be antiaging gene and 
a diagnostic marker to chronic disease [31], AL-mediated lifespan extension is 
independent of sirtuin gene.

In a clinical trial, AL was shown to be a geroprotector based on changes in 
biomarker levels such as glucose and body fat. A clinical trial using a standard meal 
confirmed that AL suppresses postprandial blood glucose levels [69]. Even a single 
dose of AL was reported to enhance postprandial fat oxidation in healthy humans 
[70]. Upon continuous intake of AL, the percentage of body fat and body fat mass 
significantly decreased, with no significant reduction in nutrient intake [71].

4.3 Glucosamine

GlcN is, a one of glucose derivatives, 2-amino-2-deoxy-glucose, as can be seen 
in Figure 6. GlcN is part of the structure of two polysaccharides, chitosan and 
chitin. GlcN is the fluid that surrounds the joints, but also is a constitutional unit 
of chitosan, which are contained in arthropods and cephalopods. In food industry, 
GlcN is manufactured by the hydrolysis of crustacean exoskeletons, which are 
mainly composed of chitin. GlcN is a dietary supplement that effectively prevents 
osteoarthritis in humans [72].

Weimer et al. reported the longevity effects of GlcN in nematodes and geneti-
cally modified mice [73]. The authors suggested that these effects were caused by 
impaired glucose metabolism. In contrast, the longevity effect of GlcN is reported 
to be required an autophagy for GlcN-induced lifespan extension [68], like that 
induced by other life-promoting sugars such as 2DG. Similar to 2DG, GlcN enters 
into cells through sugar transporters and inhibits glucose metabolism, inducing the 
oxidation of stored fat and intracellular respiration via an energy sensor (AMPK). 
Increased respiration can cause temporary production of ROS, leading to increases 
in antioxidative enzyme activity, stress resistance, and lifespan [74]. This effect is 
hormesis, mentioned above. Oral administration of GlcN has also been reported 
to affect carbohydrate metabolism and reduce fat in rodents [75] and contribute to 
enhanced oxidative stress resistance, followed by AMPK activation [74].

In a clinical trial, administration of GlcN improved vascular endothelial 
function by modulating the intracellular redox state [76]. According to an 

Figure 5. 
Linear chemical structures of an allulose molecule (left) and a fructose molecule (right).
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epidemiological study on consumers of various dietary supplements, the use of 
GlcN was associated with a decrease in total mortality [77]. Of further note is the 
latest large-scale cohort study reported in 2020. This study analyzed approximately 
500,000 people and found that GlcN intake reduced the risk of cancer, heart 
disease, respiratory disease, digestive disease, and mortality [78].

5. Geroprotectors

“Geroprotector”, whose technical term Ilya Mechnikov first used in 1908 [79], 
means “protecting against aging”. The most important criterion of geroprotector is 
the ability to extend the lifespan of model organisms such as nematode fly and mice 
[80]. In 2001, Vladimir Anisimov suggested several types of geroprotectors using 
the most recognized theories of aging at that time as the typing criteria, which 
included antioxidants, neurotropic substances, hormones, antidiabetic drugs, 
immunomodulators, caloric restriction mimetics, and other substances and factors 
[81]. In the present, the various types would add longevity gene activators, includ-
ing nicotinamide mononucleotide [82] and sirtuin activating compounds [83], as a 
new group to these conventional geroprotectors. Other new geroprotectors contain 
melatonin [84], and carnosine [85]. Among geroprotectors, the monosaccharides 
with the potential to prolong lifespan, mentioned in this chapter, is included in 
category of caloric restriction mimetics [49, 50]. This type of caloric restriction 
mimetics, whose action is considered glycolytic inhibition, mimics the anti-aging 
effects of long-term calorie restriction without requiring a change in eating 
 habits [68].

6. Conclusion

Sugar consumption has increased since the 1990s when scientific studies found 
a strong association between fat consumption and cardiovascular problems. Since 
then, fats were almost sensed and sugars and carbohydrates were given prior-
ity. Sugar consumption has increased so much that it has triggered an enormous 
number of chronic diseases such as obesity and diabetes mellitus that, even today, 
have been declared a pandemic and a global emergency. Diseases caused by high 
sugar consumption generate a decline in the organs of the human body, which is 
closely linked to premature aging or a significant reduction in the quality of life of 
the people who suffer from them. In this regard, many studies have evidence that 
sugar intake to have effects in the human body associated with diseases as obesity 
and diabetes mellitus, however, little was until recently known about the effects 

Figure 6. 
Linear chemical structures of a glucosamine molecule (left) and a glucose molecule (right).
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in antioxidative enzyme activity, stress resistance, and lifespan [74]. This effect is 
hormesis, mentioned above. Oral administration of GlcN has also been reported 
to affect carbohydrate metabolism and reduce fat in rodents [75] and contribute to 
enhanced oxidative stress resistance, followed by AMPK activation [74].

In a clinical trial, administration of GlcN improved vascular endothelial 
function by modulating the intracellular redox state [76]. According to an 
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epidemiological study on consumers of various dietary supplements, the use of 
GlcN was associated with a decrease in total mortality [77]. Of further note is the 
latest large-scale cohort study reported in 2020. This study analyzed approximately 
500,000 people and found that GlcN intake reduced the risk of cancer, heart 
disease, respiratory disease, digestive disease, and mortality [78].

5. Geroprotectors

“Geroprotector”, whose technical term Ilya Mechnikov first used in 1908 [79], 
means “protecting against aging”. The most important criterion of geroprotector is 
the ability to extend the lifespan of model organisms such as nematode fly and mice 
[80]. In 2001, Vladimir Anisimov suggested several types of geroprotectors using 
the most recognized theories of aging at that time as the typing criteria, which 
included antioxidants, neurotropic substances, hormones, antidiabetic drugs, 
immunomodulators, caloric restriction mimetics, and other substances and factors 
[81]. In the present, the various types would add longevity gene activators, includ-
ing nicotinamide mononucleotide [82] and sirtuin activating compounds [83], as a 
new group to these conventional geroprotectors. Other new geroprotectors contain 
melatonin [84], and carnosine [85]. Among geroprotectors, the monosaccharides 
with the potential to prolong lifespan, mentioned in this chapter, is included in 
category of caloric restriction mimetics [49, 50]. This type of caloric restriction 
mimetics, whose action is considered glycolytic inhibition, mimics the anti-aging 
effects of long-term calorie restriction without requiring a change in eating 
 habits [68].
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Sugar consumption has increased since the 1990s when scientific studies found 
a strong association between fat consumption and cardiovascular problems. Since 
then, fats were almost sensed and sugars and carbohydrates were given prior-
ity. Sugar consumption has increased so much that it has triggered an enormous 
number of chronic diseases such as obesity and diabetes mellitus that, even today, 
have been declared a pandemic and a global emergency. Diseases caused by high 
sugar consumption generate a decline in the organs of the human body, which is 
closely linked to premature aging or a significant reduction in the quality of life of 
the people who suffer from them. In this regard, many studies have evidence that 
sugar intake to have effects in the human body associated with diseases as obesity 
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Abstract

Sugar forms an integral part of the human body, and contributes to normal 
body function. However, sugar in high quantities can be detrimental to the body 
especially to the eye. In the normal concentration, sugar in the form of glucose is 
found in the aqueous humour, and tears, and serves to provide nourishment to 
the avascular cornea, and lens respectively. Sugar at this stage may also be used to 
determine the post mortem interval of a cadaver. However, when in excess as may 
be seen in patients with diabetes, sugar can cause oxidative stress to the cornea, 
lens, and retina resulting in cornea oedema, cataract, retinal aneurysm which can 
contribute significantly to the prevalence of low vision, and vision impairment.
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1. Introduction

Sugar forms an integral part of the human eye, and can be found in different 
parts of the eye including the tears, aqueous humour, and the lens. Its primary func-
tion in the eye includes; maintenance of the structural component of the eye, and 
the provision of nourishment to the surrounding structures of the eye wherein it is 
found. For instance, glucose found in the aqueous humour forms part of the required 
nourishment to the avascular lens, and cornea [1]. In the tears, sugar in the form of 
glucose forms part of the nutrients that supply the avascular cornea. The sugar in the 
vitreous is present as hyaluronic acid which is a molecular unit of glucusonite, and 
N-acetylglucosamine. Its function is to maintain the point of vitreous attachment to 
the retina. In general, sugar is important for the normal functioning of the human 
eye. In the lens, sugar is found as polysaccharides. Meyer et al [2] showed that there 
are at least three different polysaccharides in the cornea stroma - keratin sulfate, 
chondroitin-4-sulfate, and chondroitin, and may play a role in cornea healing.

Despite the role of sugar in maintaining the metabolic requirements of the human 
body, excessive sugar consumption can lead to high sugar concentration in blood 
circulation within the body system which can be detrimental to human health. 
Sustained high sugar level results in hyperglycaemia, and if left unchecked can result 
in Diabetes Mellitus. Diabetes mellitus is a group of metabolic diseases, character-
ized by chronic hyperglycaemia due to deficiency in the production, and/or usage of 
insulin. Diabetes mellitus can occur as either Type 1 (due to poor secretion of insulin) 
or Type 2 (due to poor usage of insulin for glucose metabolism).

Diabetes Mellitus presents with a myriad of ocular complications and has been 
identified as the leading cause of legal blindness globally. Complications secondary 
to diabetes affects almost every part of the eye and could result in diabetic reti-
nopathy, cataracts, glaucoma, keratopathy, dry eye syndrome, and so many others 
(Figure 1).
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Despite the role of sugar in maintaining the metabolic requirements of the human 
body, excessive sugar consumption can lead to high sugar concentration in blood 
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Sustained high sugar level results in hyperglycaemia, and if left unchecked can result 
in Diabetes Mellitus. Diabetes mellitus is a group of metabolic diseases, character-
ized by chronic hyperglycaemia due to deficiency in the production, and/or usage of 
insulin. Diabetes mellitus can occur as either Type 1 (due to poor secretion of insulin) 
or Type 2 (due to poor usage of insulin for glucose metabolism).

Diabetes Mellitus presents with a myriad of ocular complications and has been 
identified as the leading cause of legal blindness globally. Complications secondary 
to diabetes affects almost every part of the eye and could result in diabetic reti-
nopathy, cataracts, glaucoma, keratopathy, dry eye syndrome, and so many others 
(Figure 1).
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In recent years, diabetes mellitus has become a serious public health concern 
as the number of diabetic patients worldwide has more than doubled over the last 
three decades. In 2010, 286 million people were said to be diabetic, and this was 
projected to increase to 439 million by 2030 [3]. As the prevalence of DM, duration, 
and onset increases, the number of patients with ocular complications due to the 
condition is also expected to increase.

2. Mechanism of action of the effect of hyperglycaemic on the eyes

The mechanism of action of hyperglycaemia on the eyes and the consequential 
damage to the eyes have been likened to that of the effect of ageing on the eye [4]. 
Various factors such as pro-inflammation, oxidative stress, glycosylated cross-
linkages, the formation of advanced glycelated end-products (AGE), vascular perme-
ability, vascular endothelial growth factor (VEGF), and epigenetic factors have been 
found to cause to ageing changes in the eye. Similarly, these factors have been impli-
cated in the development of ocular complications secondary to sustained increased 
sugar levels in the body [5–7].

Further, Insulin resistance as may be seen in diabetic patients has been associated 
with the repression of a Sirtuin 1(Sirt 1) [8], which is the gene responsible for the 
regulation of appetite in the geriatric population. Sirt 1 is also known as the anti-age-
ing gene due to its ability to alleviate oxidative stress [8–10]. Repression of Sirt 1 gene 
may lead to mitochondrial apoptosis, and in diabetic patients can also lead to diabetic 
retinopathy due to oxidative stress [8, 10, 11].

3. Sugar, and the lens: an overview

The human crystalline lens is the structure directly behind the iris, and in 
front of the vitreous humour [1]. The lens thickness and curvature allows it to 

Figure 1. 
Fundus picture of a proliferative diabetic retinopathy.
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contribute significantly to refraction [12]. It is also responsible for accommodation 
in non-presbyopic, and pre-presbyopic people. Its transparent nature allows for the 
passage of light to the retina. Physiologically, the lens contains 2/3 water, and 1/3 
protein (water-soluble and water-insoluble proteins) [13]. Water-soluble proteins 
are responsible for maintaining the lens optical properties. On the other hand, 
water-insoluble protein maintains cellular structures, architectural arrangement, 
and alignment.

The lens lacks blood vessel supplies to it and is therefore regarded as avascular. 
Due to the lack of blood vessels in the lens, it acquires most of its nutrition from the 
aqueous humour, through the aerobic glycolysis, or through the pentose phosphate 
pathway (sorbitol pathway). The sorbitol pathway is believed to be a pathway 
through which glucose, and galactose from the aqueous humour is absorbed into 
the lens [14]. When glucose is absorbed, it is reduced to sorbitol by the aldose 
reductase enzyme. Further to this, sorbitol is metabolized by the sorbitol dehy-
drogenase, whereas galacititol remains in the lens nearly not metabolized for a 
prolonged period. In diabetes, the increased presence of sugar in the blood results 
in increased glucose level in the aqueous, therefore bringing about increased sugar 
inflow into the lens through the sorbitol pathway [15]. Unfortunately, the sorbitol 
is produced faster than it is converted to fructose by the sorbitol dehydrogenase. 
This, therefore, means an increased amount of sorbitol in the lens. The prolonged 
presence of sorbitol in the lens results in increased intracellular fluid as a response 
to increased osmotic pressure, therefore causing the swelling of the lens material. 
Further, because sorbitol is polar, it is hardly removed from the lens through simple 
diffusion.

3.1 Sugar, and cataract

Sustained hyperglycaemia causes the inflow of sugar into the lens resulting in 
the swelling of the lens material. This also results in the loss of the lens structural 
arrangement (lens fibres), precipitation of the water-insoluble proteins, oxidation 
of the water-insoluble proteins, hardening of the lens fibres, formation of perma-
nent bonds, and eventually cataract.

Sugar induced cataract is a common occurrence, and a significant cause of 
visual impairment among diabetic patients. According to the Framingham study 
findings, diabetic patients under 65 are four times more likely to develop cataracts 
than their normal age mates. The onset of cataract in diabetes is often associated 
with fluctuations in the sugar level of a sufferer, and the cataract progresses rapidly 
once initiated. Even though the process of cataract formation in a diabetic patient is 
known, however, there is no known mechanism to delay its formation in the pres-
ence of Hyperglycaemic [16]. Nevertheless, cataract surgery is a recommended, and 
effective way of manageing diabetic cataracts.

Early cataract extraction in diabetic patients though recommended, should be 
approached with caution, and is advisable to be done with regulated blood sugar 
levels as healing may be delayed due to Hyperglycaemic [17, 18]. Although, a study 
in Nigeria reported no significant difference in the visual outcome of diabetic 
patients post-cataract when compared to age-matched nondiabetic controls, how-
ever, complications such as rubeosis, acceleration in the formation of retinopathy, 
post-operative inflammation,, and incidence of clinical, and angiographic cystoid 
oedema has been reported to occur more in diabetic patients following cataract 
extraction [19]. Given these complications, the preferred method of cataract extrac-
tion in diabetic patients is phacoemulsification as this has been associated with 
fewer complications, and better prognosis.
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are responsible for maintaining the lens optical properties. On the other hand, 
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and alignment.
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Due to the lack of blood vessels in the lens, it acquires most of its nutrition from the 
aqueous humour, through the aerobic glycolysis, or through the pentose phosphate 
pathway (sorbitol pathway). The sorbitol pathway is believed to be a pathway 
through which glucose, and galactose from the aqueous humour is absorbed into 
the lens [14]. When glucose is absorbed, it is reduced to sorbitol by the aldose 
reductase enzyme. Further to this, sorbitol is metabolized by the sorbitol dehy-
drogenase, whereas galacititol remains in the lens nearly not metabolized for a 
prolonged period. In diabetes, the increased presence of sugar in the blood results 
in increased glucose level in the aqueous, therefore bringing about increased sugar 
inflow into the lens through the sorbitol pathway [15]. Unfortunately, the sorbitol 
is produced faster than it is converted to fructose by the sorbitol dehydrogenase. 
This, therefore, means an increased amount of sorbitol in the lens. The prolonged 
presence of sorbitol in the lens results in increased intracellular fluid as a response 
to increased osmotic pressure, therefore causing the swelling of the lens material. 
Further, because sorbitol is polar, it is hardly removed from the lens through simple 
diffusion.
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Sustained hyperglycaemia causes the inflow of sugar into the lens resulting in 
the swelling of the lens material. This also results in the loss of the lens structural 
arrangement (lens fibres), precipitation of the water-insoluble proteins, oxidation 
of the water-insoluble proteins, hardening of the lens fibres, formation of perma-
nent bonds, and eventually cataract.

Sugar induced cataract is a common occurrence, and a significant cause of 
visual impairment among diabetic patients. According to the Framingham study 
findings, diabetic patients under 65 are four times more likely to develop cataracts 
than their normal age mates. The onset of cataract in diabetes is often associated 
with fluctuations in the sugar level of a sufferer, and the cataract progresses rapidly 
once initiated. Even though the process of cataract formation in a diabetic patient is 
known, however, there is no known mechanism to delay its formation in the pres-
ence of Hyperglycaemic [16]. Nevertheless, cataract surgery is a recommended, and 
effective way of manageing diabetic cataracts.

Early cataract extraction in diabetic patients though recommended, should be 
approached with caution, and is advisable to be done with regulated blood sugar 
levels as healing may be delayed due to Hyperglycaemic [17, 18]. Although, a study 
in Nigeria reported no significant difference in the visual outcome of diabetic 
patients post-cataract when compared to age-matched nondiabetic controls, how-
ever, complications such as rubeosis, acceleration in the formation of retinopathy, 
post-operative inflammation,, and incidence of clinical, and angiographic cystoid 
oedema has been reported to occur more in diabetic patients following cataract 
extraction [19]. Given these complications, the preferred method of cataract extrac-
tion in diabetic patients is phacoemulsification as this has been associated with 
fewer complications, and better prognosis.
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3.2 Sugar, and refractive error

Refractive changes have been noted to occur in diabetic patients. A number  
of earlier clinical studies had reported an association between sustained hypergly-
caemia, and refractive shift towards increased myopia [12, 19, 20]. Myopic shift 
occurs when a diabetic patient experiences more myopia than the regular refractive 
error status. This happens due to an increase in the inflow of sugar into the lens 
through the sorbitol pathway catalysed by the aldose reductase activity [21, 22]. 
People with diabetes have been observed to have a higher prevalence of myopia 
compared to those without diabetes [23]. In a study conducted by Jacobsen et al 
[24] it was determined that the prevalence of myopia (spherical equivalent 0.5 D) 
was 53.3% among 252 type 1 diabetic patient age 16–26 years old. The relative risk 
of a myopic shift was determined to be 1.7 in patients aged 16–21 years, and 1.6 in 
patients with HbA1c above 8.8%. Insulin dosage was not related to myopia. Klein et 
al. [21] showed that persons of similar age with T1D were likely to be more myopic 
than those with T2D. In general, myopia associated with diabetes reverses when 
sugar control is instituted.

Although past studies had reported a myopic shift in refractive status following 
an increase in sugar level, however, recent studies have also noted a hyperopic shift 
associated with glycaemic control [25, 26]. Hyperopic shift following hyperglycae-
mia control has been reported to occur when glucose levels fall a few days or weeks 
after the initiation of glycaemic control [12, 27]. This hyperopia was associated with 
increased lens thickness, and a decrease in anterior chamber depth [22]. Lin et al 
[12] reported the development of hyperopia in 4 men and 1 woman who was treated 
with insulin. According to their report, the hyperopia peaked at 11.7 days after 
initiation of glycaemic control and tapered off at 64.0 days after treatment initia-
tion. From this it can be deduced that institution of treatment in diabetic patients 
is often followed by two refractive changes; one involving a rapid refractive change 
towards the direction of hyperopic, and the other is a gradual change to the patient’s 
normal refractive status.

In general, both myopic, and hyperopic shifts are transient, and patients’ refrac-
tive status gradually returns to the baseline values a few days or weeks after sugar 
stabilizes. Thus, it can be said that both myopic, and hyperopic shift may occur with 
changes in sugar levels in a hyperglycemic patient [25]. Hence, change in prescrip-
tion glasses should be approached with caution as glasses prescribed during this 
time will only be durable during the said sugar fluctuations [28].

3.3 Sugar, and accommodation

Several studies have reported on biometric changes such as lens thickening, 
increase in the lens surface curvature and a decrease in the refractive index sec-
ondary to diabetes [29]. According to Mathebula, and Makunyane “people with 
diabetes have accelerated age-related biometric ocular changes compared to people 
without diabetes” [4]. Elevated sugar levels in pre-presbyopic patients have been 
associated with a reduction in the amplitude of accommodation. According to 
Huntjens and O’Donnell, amplitude of accommodation is lower in people living 
with Type I patients than that of their non-diabetic age-matched, even in the 
absence of non-detectable retinal damage [25].

Amplitude of accommodation is important for maintaining images on the retina 
while doing near work. A reduction in amplitude of accommodation means that 
the near point becomes receded, and a patient will have difficulties reading things 
at near as seen in presbyopic patients. This has unfortunately been found in pre-
presbyopic diabetic patients who show signs of presbyopia earlier than their age 
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match nondiabetic counterparts. The effect of hyperglycaemia on the accommoda-
tive system may be due to changes in lens glucose metabolism, ischemic hypoxia 
on the oculomotor nerve, and ciliary muscles. Some studies have noted that the 
longer the duration of diabetes, the more likely the reduction in the amplitude of 
accommodation.

4. Sugar, and the cornea

The cornea is a superficial organ most affected by high sugar levels [30]. The 
impact of sugar on the cornea varies with its level and duration, and may underpin 
specific systemic complications that may be associated with diabetes. At normal 
glycaemic levels, sugar serves as one of the dissolved nutrients in the tears, and 
aqueous humour that nourishes the cornea. Sugar is also found in the cornea stroma 
in the form of polysaccharides (glycosaminoglycan GAG) [31]. GAG reduces 
the effects of diffraction when light is directed towards the eye. Chondroitin 
sulphate an element that plays a role in cornea wound healing is also made from 
polysaccharides.

However, in diabetes, sugar promises to be detrimental to the anatomical and 
physiological wellbeing of the cornea. Structural components such as the epi-
thelium, the nerves, immune cells, and the endothelium of the cornea are often 
negatively affected. Sustained hyperglycaemia reduces cornea sensitivity and 
innervation due to peripheral neuropathy. These nerve alterations occur all over the 
cornea including at the cornea scleral junction (limbal region) where new epithelial 
cells are formed [31]. When there is a reduction in corneal sensitivity, affected 
patients experiences various symptoms, and in most cases become susceptible to 
further damages to the eye. Reduction in corneal sensitivity has been identified as a 
predictor for the development of peripheral neuropathy in diabetic patients.

Other cornea complications such as corneal infections, ulcers, and oedema have 
been reported in diabetic patients with poorly controlled glycaemic levels. Sugar 
induced cornea swelling increases the fragility of the cornea epithelium and can 
result in stroma oedema [32]. This for unknown reasons affects the stromal collagen 
bundles and increases corneal autofluorescence level. The variation between the 
normal fluorescence level and increased autofluorescence in the corneal may be an 
indicator of changed corneal metabolism due to impaired corneal mitochondria 
metabolism. Corneal fluorescence may also be an indicator of a pathological break-
down of the blood-aqueous- barrier as may be seen in patients with proliferative 
diabetic retinopathy.

Sustained hyperglycaemic levels in the body also increases the chances of cor-
neal erosions, persistent epithelial defects, corneal endothelial damage, and dry eye 
[6, 22, 32]. With Sustained hyperglycaemia the cornea faces difficulties with wound 
healing, and most times there is incomplete wound healing, thus small corneal 
erosions become persistent as wound healing is delayed. Delayed wound healing 
has been linked to a reduction in cornea epithelium regeneration secondary to a 
decrease in cornea sensitivity, which occurs as a result of peripheral neuropathy [6]. 
linked Further, because the ability of the cornea to ward off infections is reduced, 
infections like fungal keratitis occurs and remains recurrent [33].

5. Sugar, and the lids, and conjunctiva

The lids and conjunctiva are tissues in the body that protects the eye against 
external invaders. Sustained high blood sugar level increases the susceptibility 
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of the human system to bacterial infection. In the lid, this susceptibility leads 
to a recurrent bacterial infection which can lead to the formation of stye, and 
blepharitis.

High sugar and reduced insulin as is obtainable in diabetes pose damaging 
consequences to the meibomian gland. Like other sebaceous glands, insulin forms 
an essential component for the optimal functioning of the sebaceous glands and 
resistance or reduction in its absorption results in the dysfunction of the Meibomian 
gland. Similarly, sustained increase in sugar level brings about the lipolysis of adi-
pocytes, this, therefore, means that sustained sugar levels in the Meibomian gland 
will reduce the quality of the meibum secreted in the eye. Meibum is the secretion 
responsible for ensuring the liquid part of the tears (aqueous) does not overflow or 
evaporate, hence reduction in the quality of meibum would allow for tear evapora-
tion, bringing about dry eye effect in diabetic patients.

Similarly, the goblet cells found in the conjunctiva which are responsible for 
the production of the mucin layer of the tear film are often adversely affected with 
Hyperglycaemic. Diabetes also affects the conjunctival blood vessels in similar ways 
as it does to the retinal blood vessels [34]. In the conjunctiva, capillary loss, and 
microvascular dilatation had similarly been observed as a consequence of sustained 
hyperglycemia. Similarly, studies have reported on the tortuosity of conjunctival 
blood vessels.

6. Sugar, and dry eye

Dry eye is a disorder of the tear film which results in symptoms such as pain, 
burning, itchiness, stinging, grittiness, foreign body sensation, tearing, and ocular 
fatigue. Due to the multifactorial nature of dry eye onset, it has been referred to as 
a disease of the lacrimal function unit (LFU). The lacrimal function unit is made up 
of the cornea, lid, conjunctiva, Meibomian gland, the sensory, and the motor nerves 
which all work as a unit to maintain the tear film layer. Dry eye is a common experi-
ence in diabetic patients.

The occurrence of dry eye in a diabetic patient may be as a result of the negative 
effect of hyperglycaemia on any part of the lacrimal function unit. For instance, 
insufficient production of tears due to reduced cornea sensitivity secondary to 
autonomic neuropathy has been blamed as part of the reason for dry eye develop-
ment in diabetic patients [35]. Corneal sensitivity forms part of the neuronal 
loophole feedback mechanism for reflex tear secretion. Autonomic neuropathy 
affects the nerves that control the lacrimal gland secretion, bringing about a reduc-
tion in tears secretion, due to reduced corneal sensitivity. For instance, damage to 
the microvasculature of the lacrimal gland accompanied by autonomic neuropathy 
in diabetic patients often impairs lacrimation, therefore, resulting in dry eye 
symptoms in such a patient. The reduction in tear secretion accounts for the low 
Schirmer test result as may be seen in diabetic patients. It is noteworthy that once 
corneal peripheral neuropathy sets in, corneal sensitivity starts and the magnitude 
of reflex tear secretion is affected.

Also, dry eye may result due to a reduction in the population density of the 
goblet cells secondary to the effect of diabetes on the cells on the goblet cell func-
tion [22]. The goblet cells are responsible for the secretion of mucin which is the 
first layer of the tear film. The mucin layer is responsible for maintaining the tear 
film layer on the cornea to avoid the drying out of the cornea and maintaining its 
lustre. Therefore, a reduction in the density of the goblet cells will bring about a 
decrease in the secretion of the mucin layer, resulting in the inability of the tear film 
to remain stable on the cornea. Also, alongside the reduction in goblet cell density, 
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there is an accompanying reduction in the ability of the mucin layer to “pickup-up’ 
the cytology impression necessary to maintain the tear film spreading, and stability 
on the cornea. These two factors (goblet cell density, and mucin sensitivity), have 
been cited to partly be responsible for the reduction in the tear break-up time.

Some retinal changes, and procedures have similarly been linked with dry eye 
in patients with prolonged, and sustained hyperglycaemia. Reduction in total tear 
secretion has been reported in patients with non-proliferative diabetic retinopathy. 
This on the other hand is relatively small in people without retinopathy. Also, 
pan-retinal photocoagulation has been suggested to increase dry eye syndrome in 
patients.

Dry eye symptoms in diabetic patients are often associated with longer duration 
of the disease; it may also be associated with glycaemic level (HBA1c) [36]. Further, 
poorly controlled glycaemic level has been associated with more symptoms of dry 
eye. The most frequently encountered dry eye disease symptoms in diabetic patients 
include itching, burning, and foreign body sensation. Detection of dry eye in a 
diabetic patient can be achieved through conducting a comprehensive eye examina-
tion, which among others should measure the volume of tears, and determine the 
quality of the tears. This can be achieved by running specific diagnostic tests such 
as the Tear Film Break-Up Time (TFBUT), fluoresce test, Schirmer test, and rose 
Bengal. Management of dry eye in patients with diabetes strongly revolves around 
glycaemic control, and healthy lifestyle.

7. Sugar, and the iris

Hyperglycaemia affects the iris in various ways. Morphologically, changes in the 
iris structure, vessels, pigment granules, and vacuolation of the pigment. The iris 
epithelium due to hyperglycaemia can experience depigmentation of the cells which 
often deposits on the corneal endothelium or is washed by the aqueous flow to the 
trabecular meshwork where it could block the outflow of aqueous from the mesh-
work, therefore resulting in the building of ocular tension (increased intraocular 
pressure). Also, Hyperglycaemic may cause rubeosis iridis (the formation abnormal 
blood vessels on the epithelial layer of the iris), a response that has been associated 
with ischaemia secondary to retinal capillary dropout.

Further, abnormal iris transilluminance has been reported to occur in type 
2 diabetes patients. This has been associated with short term retinopathy and is 
said to be an indicator or marker for rapidly progressive retinopathy in diabetes 
[37]. Similarly, ultrastructural changes have been reported in the regions of the 
sphincter, and dilator muscles of the iris, with more of the changes seen in the 
iris, this may explain why the pupil in diabetic patient’s experience miosis while in 
dark rooms.

8. Sugar, and the vitreous

In the presence of hyperglycaemia, the vitreous gel and vitreous interface 
experiences alterations which are often predictors to the development of diabetic 
retinopathy. Changes in the vitreous gel due to diabetic mellitus may include; 
increased collagen fibril cross-linking, accumulation of advanced glycation end 
products, liquidation of the vitreous gels, vitreous haemorrhage and alteration 
in the concentration of various proteins present in the vitreous [38, 39]. In some 
cases, there may also be the development of new vessel on the vitreous surface, this 
can happen in response to retinal ischemia and can result in a structural change in 
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the vitreous [40, 41]. The presence of severe non-clearing vitreous haemorrhage 
may be an indicator for the.

9. Sugar, and the retina

Sugar affects different layers of the retina, and in most cases is very detrimental, 
and can lead to blindness. Diabetic retinopathy is the most common cause of visual 
impairment in patients living with diabetes.

9.1 Sugar, and diabetic retinopathy

Diabetic retinopathy is a microvascular complication of diabetes. It is said to 
occur to some degree in almost all type 1 diabetic patients and in nearly 77% of 
people living with type 2 diabetes for more than 2 decades [7]. Its formation has 
been linked to hyperglycaemic induced electrolyte imbalance secondary to high 
aldose reductase levels in the retina [39]. The electrolyte imbalance leads to the 
loss of retinal endothelial cells and loss of vascular pericytes which are responsible 
for regulating the retinal vascular tone. Loss of endothelial cells results in the 
breakdown of the blood-retinal-barrier resulting in an increase in the vascular 
permeability. On the other hand, the loss of the pericytes results in vasodilation and 
the thickening of the capillary basement membrane all of which leads to microan-
eurysm (formation of small outpouchings from blood vessel walls) [42], a primary 
indicator of early retinopathy changes in diabetes [43].

There are different stages of diabetic retinopathy: mild non-proliferative diabetic 
retinopathy, pre-proliferative diabetic retinopathy, and proliferative diabetic retinop-
athy. According to the findings of the Wisconsin study, the prevalence of retinopathy 
in patients with diabetes increases from 2% to 97.5% in people with diabetes less than 
2 years, and 15 or more years respectively. Prevalence of proliferative retinopathy 
was notably at zero but increased with age to 4%, 25%, and 67% among diabetic 
patients who had lived with diabetes for 10 years, 15 years, and 35 years respectively. 
Proliferative diabetic retinopathy is the most complicated stage of diabetic retinopa-
thy and is often associated with other complications such as vitreous haemorrhage, 
tractional retinal detachment, combined tractional rhegmatogenous retinal detach-
ment, and severe fibrovascular proliferation.

Proliferative diabetic retinopathy is said to occur due to prolonged retinal 
ischemia secondary to Hyperglycaemic. Retinal ischemia leads to the production of 
angiogenic factors which are produced in an attempt for the retina to revascularize 
the hypoxic areas of the retina. Thus the release of angiogenic factors is the retinal 
way of seeking for a secondary means of transporting oxygen to the affected parts 
of the retina. After the formation of the angiogenic factor, there appears to be an 
interaction between the angiogenic factors, and the vascular endothelial growth 
factor (VEGF) thereby inducing the growth of new blood vessels (neovasculariza-
tion). The new vessels are fragile, and can easily rupture, but they proliferate persis-
tently. The proliferation of the new blood vessels is accompanied by varying degrees 
of fibrous tissue proliferation. Fibrous tissue proliferation into the vitreoretinal 
interface brings about the formation of fibrovascular membranes in the vitreoreti-
nal interface.

The fibrovascular tissues attach themselves to the vitreoretinal interface focally 
(at a point) or broadly (at different points). The point of attachment of the fibro-
vascular tissue to the vitreoretina exerts tractional forces at these points, therefore, 
pulling on the retina, and resulting in tractional retinal detachment.
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Although the duration and glycaemic control play a role in the development of 
retinopathy, genetics, and individual disparity contribute significantly to the devel-
opment and degree of retinopathy. Diabetic retinopathy has been cited to occur more 
globally in Latin Americans, and South Asians [5]. Clustering of diabetic retinopathy 
among people of similar ethnicity suggests that genetics could play a significant 
role in its development. The role of familial genetics in the development of diabetic 
retinopathy was demonstrated by Leslie and Pyke who found that 95% of concor-
dant type 2 diabetic twins versus 68% of concordant type 1 diabetic identical twins 
develop a similar degree of diabetic retinopathy. Also, siblings with diabetes have 
similar levels of diabetes when compared to other levels of retinopathies seen in non-
family members. Familial clustering for the risk of developing severe retinopathy to 
increase among those who have diabetic relatives with positive retinopathy with an 
odds ratio of 5.4 compared to those whose relatives do not have the retinopathy [44].

Further, the genes responsible for encoding the aldose reductase (ALR), Angio-
tensin-1-converting enzyme, endothelial nitric oxide synthase (eNOS), a receptor 
for advanced glycation end products (RAGE), and Vascular Endothelial Growth 
Factor (VEGF), has been implicated in the development of Diabetic retinopathy 
[44]. Also, evidence exist which suggest that low-grade inflammatory responses 
underlies the resultant vascular complications seen in diabetes retinopathy. This, 
therefore, implies that diabetic retinopathy is an inflammatory disease that results 
due to elevated systemic cytokines like TNF-a, and IL-1B, and elevated numbers of 
activated leukocytes circulating in the retinal blood vessels.

The role of angiotensin II in the formation of diabetic retinopathy has been 
well studied with most studies promoting possible retardation of the prolifera-
tion process seen in diabetic retinopathy through the use of drugs that blocks the 
renin-angiotensin system. This is because angiotensin II which promotes vascular 
remodelling, and proliferation can cause an increase in the growth of capillaries, 
and cell permeability, and oxidative stress which is common in the formation of 
diabetic retinopathy.

The role of vasodilators like nitric oxide has rather been inconclusive, and 
a matter of debate. While some researchers believe that nitric oxide could lead 
to retinal damage and death, some others believe that nitric oxide enzyme may 
be protective in the development of diabetic retinopathy. Also, the actions of 
Glucagon-Like-Peptide-1 (GLP-1) a 30-amino acid, which is a hormone produced 
in the intestine, and helps in regulating blood glucose has been found to play a 
protective role on the retinal cells via the reduction of oxidative stress on the retina, 
which is protective in the development of diabetic retinopathy [11]. The action of 
GLP-1 is often activated by SIRT1 an anti-ageing gene.

10. Sugar and the optic disc, and nerve

Sustained sugar level affects the optic nerve resulting in nerve abnormalities, for 
instance, the optic disc often experiences pronounced oxidative stress, ischaemia, 
and neurodegeneration which eventually results into loss of the retinal nerve fibre 
layer, and optic atrophy. Optic atrophy may occur due to the inability of the nerves 
to access nourishment secondary to hyperglycaemia. Optic atrophy secondary to 
hyperglycaemia is very common in diabetic patients who are in their fourth decade 
of life. Although this presents no symptoms, it requires constant monitoring as it 
may ensure to proliferative diabetic retinopathy.

Optic nerve atrophy may also occur as a result of damage following photocoagu-
lation treatment. This often shows a characteristics appearance that is abnormal 
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which may or may not be similar to glaucomatous damage [45]. This is due to nerve 
damage that may be associated with the destruction of the axons of the retinal gan-
glion cells following pan-retinal photocoagulation. Other causes of optic atrophy 
may include previous diabetic papilopathy, nonarteritic ischemic neuropathy, and 
multiple nerve fibre layer infarcts.

Neovascularization at the optic disc head may also occur especially in the prolif-
erative stage of diabetes. Although the formation of these vessels are mechanisms 
by which the eye seems to transport oxygen to areas without nourishment, however, 
the new vessels formed are both fragile, and vulnerable to rupture, hence presents a 
danger to the eye.

11. Diabetes induced maculopathy

Diabetes induced maculopathy is a common occurrence in people with diabetic 
retinopathy [41]. Its prevalence is often determined by the type of diabetes, the 
severity of diabetic retinopathy, and duration of the disease. Type 1 diabetic 
patients are less likely to develop maculopathy, than type 2 diabetic patients [40]. 
Also, the occurrence of maculopathy in type 1 diabetic patients is highly depen-
dent on the duration of the disease. Most of the patients with type 1 diabetes will 
rarely develop maculopathy before 8 years of the disease, with about 25–30% 
developing maculopathy after 20 years of the disease [41, 43]. About 3% of type 
2 diabetic patients with non-proliferative retinopathy will have macular oedema, 
whereas between 40%, and 70% of those with moderate, and proliferative 
retinopathy respectively would end up developing macular oedema. Among this 
population, nearly half of them will experience fovea involvement of the macula 
oedema [43].

12. Pupil involvement in diabetes

Pupillary involvement is a common occurrence in diabetic patients and has been 
suggested to be due to autonomic neuropathy secondary to degenerative changes 
at the nerve terminal. In the pupil, the autonomous nervous system regulates 
the sphincter, and dilator muscles which controls the pupillary response to light, 
accommodation, and drugs. Sustained high sugar level often results in autonomic 
neuropathy which meant that nerves lose their ability to respond or conduct 
sensations as they ought to. The occurrence of autonomic neuropathy results in 
partial denervation of mostly the dilator muscle of the pupil. This, therefore, 
implies different pupillary responses to normal pupillary stimulus diabetic patients 
will be affected. For instance, diabetic pupils have excessive miotic pupils in dim 
illumination, also diabetic pupils experience loss of light reflex, non-syphilitic-
Argy Robertson pupil has been reported. Further, variations in response to topical 
mydriatic agents have similarly been noted.

13. Sugar, and glaucoma

There are still conflicting opinions regarding the relationship between glaucoma 
and diabetes, however, the mechanism that leads to the autonomic dysfunction in 
the regulation of intraocular pressure, fluctuation of intraocular pressure, and the 
increased susceptibility of retinal ganglion cells to cell death can easily be rational-
ized [46]. According to Negi and Vernon [43], diabetic patients are at high risk 
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of developing higher intraocular pressures than their non-diabetic counterparts. 
Proliferative diabetes is one of the leading causes of neovascular glaucoma.

14. Sugar, and ophthalmoplegia

Ophthalmoplegia is a rare adverse effect of diabetes mellitus. It is often associ-
ated with multiple cranial nerve palsies affecting nerve III, IV, and VI. Patients with 
ophthalmoplegia secondary to diabetes often make a full recovery after 12 weeks 
of the onset of the condition [47]. A study by Kahtani et al. [48] reported ophthal-
moplegia to be more common in male than female diabetic patients. Medial squint 
and Ptosis have also been reported in patients with acute vasculitis due to diabetes 
mellitus.

15. Sugar, and low vision

Complications secondary to diabetes mellitus is the leading cause of blindness 
in developed countries [6, 40]. According to global estimates, 5% of the 37 million 
cases of blindness occur secondary to diabetic retinopathy [7]. However, not all 
cases of diabetic retinopathy results in blindness, some others cause low vision in 
affected patients.

Low vision as defined by World Health Organization (WHO), is the visual acu-
ity of less than 6/18 in the best-corrected eye of a patient. It can also be defined as 
the visual field of less than 10 degrees in a patient. There exists a strong relationship 
between complications resulting from sustained hyperglycaemia as seen in diabetes 
and low vision. Some of the complications resulting from hyperglycaemia brings 
about visual changes in sufferers which may eventually lead to low vision. Some 
visual changes that have been reported by hyperglycaemic patients include changes 
in Visual acuity, colour vision, contrast sensitivity, reduction in glare tolerance, and 
visual field all, of which affects a person’s quality of life.

15.1 Sugar, and visual acuity

Because visual acuity status is affected by the status of the retina, cornea, lens, 
and the anterior chamber, visual acuity is one of the visual functions that is heavily 
affected by hyperglycaemia at different stages of the disease. Visual acuity may be 
affected by the presence of Diabetic cataract, which reduces the clarity of the lens. 
Visual acuity may also be affected by the presence of retinopathy which results in 
irreversible damage in the visual threshold of the patient. Other causes of reduction 
in visual acuity in a diabetic patients patient may include macular oedema, corneal 
haze, variations in the refractive status of the eyes due to variations in glycaemic 
levels, and procedures such as photocoagulation for diabetic macular oedema [49].

15.2 Sugar, and colour vision

Acquired dyschromatopsia has been reported to be common in people living 
with type 2 diabetes. The Okubo colour study, conducted among type diabetic 
patients showed that there is an-increased-adjusted-odds (5.89) for the develop-
ment of colour vision impairment by type 2 diabetic compared with their age-
matched normal glycaemic peers [2]. Some studies have reported an increase in the 
incidence of acquired, non-sex-linked blue-yellow colour vision deficit in diabetic 
patients. According to a study by Melisa et al., the blue-yellow colour deficit is more 
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retinopathy [41]. Its prevalence is often determined by the type of diabetes, the 
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patients are less likely to develop maculopathy, than type 2 diabetic patients [40]. 
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retinopathy respectively would end up developing macular oedema. Among this 
population, nearly half of them will experience fovea involvement of the macula 
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Pupillary involvement is a common occurrence in diabetic patients and has been 
suggested to be due to autonomic neuropathy secondary to degenerative changes 
at the nerve terminal. In the pupil, the autonomous nervous system regulates 
the sphincter, and dilator muscles which controls the pupillary response to light, 
accommodation, and drugs. Sustained high sugar level often results in autonomic 
neuropathy which meant that nerves lose their ability to respond or conduct 
sensations as they ought to. The occurrence of autonomic neuropathy results in 
partial denervation of mostly the dilator muscle of the pupil. This, therefore, 
implies different pupillary responses to normal pupillary stimulus diabetic patients 
will be affected. For instance, diabetic pupils have excessive miotic pupils in dim 
illumination, also diabetic pupils experience loss of light reflex, non-syphilitic-
Argy Robertson pupil has been reported. Further, variations in response to topical 
mydriatic agents have similarly been noted.

13. Sugar, and glaucoma

There are still conflicting opinions regarding the relationship between glaucoma 
and diabetes, however, the mechanism that leads to the autonomic dysfunction in 
the regulation of intraocular pressure, fluctuation of intraocular pressure, and the 
increased susceptibility of retinal ganglion cells to cell death can easily be rational-
ized [46]. According to Negi and Vernon [43], diabetic patients are at high risk 

31

Impact of Sugar on Vision
DOI: http://dx.doi.org/10.5772/intechopen.96325

of developing higher intraocular pressures than their non-diabetic counterparts. 
Proliferative diabetes is one of the leading causes of neovascular glaucoma.

14. Sugar, and ophthalmoplegia

Ophthalmoplegia is a rare adverse effect of diabetes mellitus. It is often associ-
ated with multiple cranial nerve palsies affecting nerve III, IV, and VI. Patients with 
ophthalmoplegia secondary to diabetes often make a full recovery after 12 weeks 
of the onset of the condition [47]. A study by Kahtani et al. [48] reported ophthal-
moplegia to be more common in male than female diabetic patients. Medial squint 
and Ptosis have also been reported in patients with acute vasculitis due to diabetes 
mellitus.

15. Sugar, and low vision

Complications secondary to diabetes mellitus is the leading cause of blindness 
in developed countries [6, 40]. According to global estimates, 5% of the 37 million 
cases of blindness occur secondary to diabetic retinopathy [7]. However, not all 
cases of diabetic retinopathy results in blindness, some others cause low vision in 
affected patients.

Low vision as defined by World Health Organization (WHO), is the visual acu-
ity of less than 6/18 in the best-corrected eye of a patient. It can also be defined as 
the visual field of less than 10 degrees in a patient. There exists a strong relationship 
between complications resulting from sustained hyperglycaemia as seen in diabetes 
and low vision. Some of the complications resulting from hyperglycaemia brings 
about visual changes in sufferers which may eventually lead to low vision. Some 
visual changes that have been reported by hyperglycaemic patients include changes 
in Visual acuity, colour vision, contrast sensitivity, reduction in glare tolerance, and 
visual field all, of which affects a person’s quality of life.

15.1 Sugar, and visual acuity

Because visual acuity status is affected by the status of the retina, cornea, lens, 
and the anterior chamber, visual acuity is one of the visual functions that is heavily 
affected by hyperglycaemia at different stages of the disease. Visual acuity may be 
affected by the presence of Diabetic cataract, which reduces the clarity of the lens. 
Visual acuity may also be affected by the presence of retinopathy which results in 
irreversible damage in the visual threshold of the patient. Other causes of reduction 
in visual acuity in a diabetic patients patient may include macular oedema, corneal 
haze, variations in the refractive status of the eyes due to variations in glycaemic 
levels, and procedures such as photocoagulation for diabetic macular oedema [49].

15.2 Sugar, and colour vision

Acquired dyschromatopsia has been reported to be common in people living 
with type 2 diabetes. The Okubo colour study, conducted among type diabetic 
patients showed that there is an-increased-adjusted-odds (5.89) for the develop-
ment of colour vision impairment by type 2 diabetic compared with their age-
matched normal glycaemic peers [2]. Some studies have reported an increase in the 
incidence of acquired, non-sex-linked blue-yellow colour vision deficit in diabetic 
patients. According to a study by Melisa et al., the blue-yellow colour deficit is more 
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pronounced as diabetic retinopathy progresses, and is worse among patients who 
may have undergone laser treatment. The association between colour vision deficit 
and diabetes may be because diabetes irrespective of stage gradually affects the 
optic nerve as well as the retina, therefore resulting in abnormalities. Tan et al. also 
showed that more than 6 duration of type two diabetes may predispose patients to 
develop colour vision impairment [50].

15.3 Sugar and contrast sensitivity

Contrast sensitivity is a measure of the amount of contrast required to detect 
or recognize a visual target. It is a very important visual function in a person. 
Unfortunately, contrast sensitivity has been reported to decline with sustained hyper-
glycaemia. This has been attributed to retinal neurosensorial losses which may precede 
the occurrence of retinopathy in diabetic patients [51]. According to studies by Alberto 
et al. the occurrence of reduced contrast sensitivity is more in type 1 diabetic patients 
with retinopathy than with those without retinopathy [52]. Reduced contrast sensitiv-
ity can also be found in patients with type 2 diabetes. Safi et al. showed that contrast 
sensitivity decline was aggravated with the progression of retinopathy [53].

15.4 Sugar and visual field

Visual field defects have been reported as one of the notable low vision 
abnormalities that can occur in diabetic patients. Patrick and Lavin reported the 
occurrence of reversible homonymous hemianopia caused by non-ketotic hypergly-
caemia in four patients with type 2 diabetes mellitus. [54]. Their report also noted 
that among the patients, homonymous hemianopia was the first manifestation of 
diabetes mellitus type 2 in two of the patients. Other factors such cerebrovascular 
accident, coexisting glaucoma, and pan-retinal photocoagulation has been reported 
as reasons for visual field defects in diabetic patients [43].

Visual processing disorders may also be seen in diabetic patients following 
cerebrovascular accident. Processing defects such as visual neglect and extinction 
has been reported to be partially reversible in these patients following treatment, 
and interventions.

16. Role of vitreous sugar in the determination of post-mortal interval

Sugar in the vitreous has found its usefulness in forensic medicine, where it can 
be used to determine the time of death and possible causes of death. The fact that 
there are biochemical changes in the blood glucose pathway after death makes the 
use of blood glucose in the biochemical analysis of the state of a cadaver difficult 
[55]. However, this difficulty can be overcome if the vitreous humor is used, given 
that, it is better preserved after death. Use of the concentration of sugar in the 
vitreous to determine the time of death has gradually gained some level of accep-
tance in forensic medicine and has been determined to have major advantages over 
other body fluids. Some of its advantages include its accessibility and the fact that 
after death it is often protected against putrefaction.

17. Effect of low sugar intake on vision

Although most of the emphasis of the impact of sugar in the eye is often placed 
on high sugar level, however low sugar level can also be detrimental to the eye.  
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Chapter 4

Biological Responses to the 
Consumption of Non-Nutritional 
Sweeteners
Sage Arbor

Abstract

Non-nutritive sweetener (NNS) use has increased exponentially over the last 
30 years as industrialized countries attempted, and failed, to battle obesity epi-
demics. Large studies have now shown that consumption of NNS’s does not help 
obese individuals lose weight. A large number of scientific studies on NNS’s effects 
have many conflicting results, methodological issues, conflicts of interest, while 
double blind studies represent a small minority of the studies. NNS’s have often 
been considered as a group despite having unique in vivo absorption, distribution, 
metabolism, and excretion (ADME). Aspartame may be the most desirable NNS 
due to its rapid degradation in vivo, whereas saccharin and sucralose are worrisome 
due to their extended stability in vivo. This review will focus on the most ubiqui-
tous NNS’s: aspartame, saccharin, acesulfame-K, sucralose, stevia, sugar alcohols 
(sorbitol, xylitol, and erythritol), and discuss their different chemical structures, 
metabolism, effect on the gut biome and cancer.

Keywords: artificial sweetener, sweet receptor, gut brain axis, obesity, diet

1. Introduction

Non-nutritive sweeteners (NNS’s) contain few to no calories or nutrients. As 
obesity had been rising in western countries at the end of the 20th century, NNS use 
increased 54% in adults and a staggering 200% in children from 2000 to 2010 [1, 2]. 
In 2018 over $7 billion (USD) NNS’s (also called artificial sweeteners or sugar substi-
tutes) were sold which is projected to grow 5%/year reaching more than $10 billion 
by 2025 [3]. However recent reports have shown NAS’s to be ineffective at reducing 
obesity [4, 5], which is their primary health target. Malek et al. found that while 
consumers of NNS’s reported lower caloric intake compared to non-NNS consum-
ers, the NNS consumers were more overweight and obese [4]. While the “Calories 
in - Calories Out” (CICO) paradigm governing net weight gain/loss of has been 
resoundingly confirmed [6–8], the mechanism causing NAS’s to be ineffective at 
reducing weight are still being investigated. Does NAS consumption cause increased 
appetite for food with caloric content (calories in)? Is metabolism and movement 
decreased (calories out)? Are effects mostly due to human cellular or gut microbi-
ome response? How consistent are these effects across the NNS’s, and lastly how 
individual are these effects? Genetic polymorphisms have been elucidated which do 
personalize an individual’s experience to NAS’s [9, 10], but this does not appear to be 
a primary driver since obesity has risen on a population and indeed global level.
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The safety thresholds for human consumable substances are set by national 
or international organizations, and this review will highlight the work done by 
three organizations: the Joint Expert Committee on Food Additives (JECFA), 
European Union’s Scientific Committee for Food (SCF), and the US Food and Drug 
Administration (FDA). Eight NNS’s have been approved by the FDA: aspartame, 
acesulfame potassium, luo han guo (monk) fruit extract, neotame, saccharin, 
stevia, sucralose and advantame [11]. While this group, along with sugar alco-
hols, are often grouped as sugar replacements they differ in their in vivo stability, 
targets, and even caloric content to a minor extent. The differences between their 
structures, metabolism, effect on gut biome, host metabolism, obesity, cancer, and 
future human studies will be discussed.

2. Biological effects of artificial sweeteners

Non-nutritive sweeteners (NNS’s) were designed to mimic the sweetness of 
sugar without containing any caloric content. However, over the last 40 years 
robust biological effects have been demonstrated beyond the desired sweetness 
profile. Artificial sweeteners differ in structure, in vivo half-life, molecular targets, 
effect on host gut-biome, and magnitude of biological effect. Consumer products 
increasingly have mixed NNS’s to augment their flavor profile, which makes survey 
study results less useful since questions such as “how many diet sodas did you drink 
per week” can encompass biological responses from an unknown mix of NNS’s. The 
specific attributes and effects for the major NSS’s will be reviewed below.

2.1 Structure and metabolism of artificial sweeteners

While Non-nutritive sweeteners (NNS’s) have a detectably different flavor 
profile [12, 13], they largely overlap in successfully replacing the sensation of sugar 
in foods and beverages. As a group NNS’s are much more potent at stimulating the 
sensation of sweetness in the mouth compared to table sugar. There is concern 
that such swamping of one’s taste receptors with sweetness through excessive 
NNS consumption could limit the desirability of more complex flavors, making 
less sweet food (e.g. fruit) less appealing, and causing healthy unsweet foods (e.g. 
vegetables) to be newly intolerable. NNS’s differ in chemical structure by over 
5-fold in molecular weight (MW) (Table 1). Saccharin is the lightest at 183 MW, 
while Rebaudioside A (a steviol glycoside) is a whopping 967 MW which causes 
stevias elimination (urine vs. feces) to differ between mammals based on billary 
excretion MW thresholds [17, 18]. The safety of NNS’s are initially determined 
from taxoicokinetic studies in various animal models, such as mice and rats, which 
absorption, distribution, metabolism, and excretion (ADME) after ingestion. 
The animal model with results that most closely match the ADME characteristics 
seen during human consumption are used to set safety limits. A wide range of 
NNS concentrations are used so the high doses can elucidate any adverse effects, 
while the lower doses titrate these potential adverse effects away until the “no 
observed adverse effect level” (NOAEL) is determined. Adverse effects measured to 
determine NOAEL may include changes in development, morphology, growth, or 
lifespan. The NOAEL is used to determine the acceptable daily intake (ADI), which 
is usually set at 100 times lower than the NOAEL. Therefore, while the ADI is often 
misinterpreted as a “line in the sand”, a level above which a compound is instantly 
toxic. However, in reality the ADI is a warning level that should be much lower than 
toxicity while allowing up to a two fold increase before deleterious effects are seen. 
A significant caveat to this paradigm for NNS’s is that long term human changes in 
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The safety thresholds for human consumable substances are set by national 
or international organizations, and this review will highlight the work done by 
three organizations: the Joint Expert Committee on Food Additives (JECFA), 
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Administration (FDA). Eight NNS’s have been approved by the FDA: aspartame, 
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stevia, sucralose and advantame [11]. While this group, along with sugar alco-
hols, are often grouped as sugar replacements they differ in their in vivo stability, 
targets, and even caloric content to a minor extent. The differences between their 
structures, metabolism, effect on gut biome, host metabolism, obesity, cancer, and 
future human studies will be discussed.

2. Biological effects of artificial sweeteners

Non-nutritive sweeteners (NNS’s) were designed to mimic the sweetness of 
sugar without containing any caloric content. However, over the last 40 years 
robust biological effects have been demonstrated beyond the desired sweetness 
profile. Artificial sweeteners differ in structure, in vivo half-life, molecular targets, 
effect on host gut-biome, and magnitude of biological effect. Consumer products 
increasingly have mixed NNS’s to augment their flavor profile, which makes survey 
study results less useful since questions such as “how many diet sodas did you drink 
per week” can encompass biological responses from an unknown mix of NNS’s. The 
specific attributes and effects for the major NSS’s will be reviewed below.

2.1 Structure and metabolism of artificial sweeteners

While Non-nutritive sweeteners (NNS’s) have a detectably different flavor 
profile [12, 13], they largely overlap in successfully replacing the sensation of sugar 
in foods and beverages. As a group NNS’s are much more potent at stimulating the 
sensation of sweetness in the mouth compared to table sugar. There is concern 
that such swamping of one’s taste receptors with sweetness through excessive 
NNS consumption could limit the desirability of more complex flavors, making 
less sweet food (e.g. fruit) less appealing, and causing healthy unsweet foods (e.g. 
vegetables) to be newly intolerable. NNS’s differ in chemical structure by over 
5-fold in molecular weight (MW) (Table 1). Saccharin is the lightest at 183 MW, 
while Rebaudioside A (a steviol glycoside) is a whopping 967 MW which causes 
stevias elimination (urine vs. feces) to differ between mammals based on billary 
excretion MW thresholds [17, 18]. The safety of NNS’s are initially determined 
from taxoicokinetic studies in various animal models, such as mice and rats, which 
absorption, distribution, metabolism, and excretion (ADME) after ingestion. 
The animal model with results that most closely match the ADME characteristics 
seen during human consumption are used to set safety limits. A wide range of 
NNS concentrations are used so the high doses can elucidate any adverse effects, 
while the lower doses titrate these potential adverse effects away until the “no 
observed adverse effect level” (NOAEL) is determined. Adverse effects measured to 
determine NOAEL may include changes in development, morphology, growth, or 
lifespan. The NOAEL is used to determine the acceptable daily intake (ADI), which 
is usually set at 100 times lower than the NOAEL. Therefore, while the ADI is often 
misinterpreted as a “line in the sand”, a level above which a compound is instantly 
toxic. However, in reality the ADI is a warning level that should be much lower than 
toxicity while allowing up to a two fold increase before deleterious effects are seen. 
A significant caveat to this paradigm for NNS’s is that long term human changes in 
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caloric balance, such as increased caloric consumption due to unbalanced sweetness 
perception, would likely not be discovered in an initial NOAEL study.

There are synthetic sweeteners (acesulfame K, aspartame, cyclamate, saccharin, 
neotame, advantame, and sucralose), natural sweeteners (thaumatin, steviol glu-
cosides, monellin, neohesperidin dihydrochalcone, and glycyrrhizin), and nutritive 
sweeteners (polyols or sugar alcohols). In 2017 the world consumed 159,000 metric 
tons of NNS’s (valued at $2 billion USD). China was the top region consuming 
NNS’s (32%) followed by Asia/Oceania (23%), United States (23%), Europe (12%), 
and then Africa (7%) [19]. The NNS most used in food and drink was aspartame, 
followed by saccharin, acesulfame, and sucralose (18.5, 9.7, 6.8, and 3.3 thousand 
metric tons respectively) [20]. With the quantities of NNS being produced and 
consumed both increasing rapidly, their contamination in the environment has 
been of concern [21]. There has been quantitative reports finding NNS’s in surface 
water (e.g. lakes, rivers, streams), groundwater, tap water, discharge into the sea, 
and even in the atmosphere [22], as well as passing through Waste Water Treatment 
Plants (WWTPs) [23]. NNS’s have been found to interfere with photosynthesis, 
creating disturbances in carbon dioxide intake [24], and decreasing sugar break-
down in human body [25, 26]. The exposure to any of these environmental NNS’s 
would likely be orders of magnitude lower than current self-selected consumption 
levels. Acesulfame-potassium (Ace-K) was investigated, as an environmentally 
persistent NNS due to low biodegradation, and found to not pose an environmental 
risk with very low levels in surface water and even less in groundwater (lower parts 
per billion [ppb] range and lower parts per trillion [ppt] respectively) [27].

The metabolism of the main NNS’s can largely be put into 3 bins [28]: aspartame 
which is broken up when it hits the GI tract, artificial sweeteners that enter the GI 
tract (stevia, cyclamate, sucralose, acesulfame potassium), and sugar alcohols which 
can contribute calories to the diet. Cyclamate is not used in the US, and not widely 
used in Canada due to concerns about carcinogenesis. Advantame and neotame being 
newer compounds to the market also do not represent a large portion of the market.

2.1.1 Aspartame

Aspartame is 200 times sweeter than sugar, the most ubiquitous of the NNS’s, 
and is quickly digested into aspartic acid, phenylalanine, and methanol. Due to 
its amino acid constituency aspartame is strictly a nutritive sweetener. However, 
because 100 g of sugar can be replaced by less than a gram of aspartame, it is con-
sumed in such low levels that it is considered as a NNS [29]. The phenylalanine can 
build up to toxic levels in those with a rare genetic defect, phenylketonuria (PKU) 
present for 1 in 12,000 births [30], caused by mutations and lower levels in the 
enzyme phenylalanine hydroxylase (PAH). Infants are diagnosed with PKU shortly 
after birth and avoiding aspartame is achieved well by patients throughout life [31]. 
However, people with PKU do show increased oxidative stress [32] and the presence 
of comorbidities including asthma, alopecia, urticaria, gallbladder disease, rhinitis, 
esophageal disorders, anemia, overweight, GERD, eczema, renal insufficiency, 
osteoporosis, gastritis/esophagitis and kidney stones [33]. Methanol, which is con-
verted to formaldehyde (a known carcinogen) [34], is often pointed to as a reason 
to avoid aspartame, but higher levels of methanol are consumed when eating fruit 
[35, 36]. The FDA set the ADI of aspartame at 50 mg/kg/day and, despite consump-
tion increases since the 1980s, the US average and 95th percentile intake in 2013 was 
4.9 and 13.3 mg/kg/day respectively, showing consumption levels are still 4 fold 
below the ADI. While some customers have complained of an aspartame sensitivity 
a double blind study found there to be no evidence of any acute adverse response 
[37]. Aspartame holds a unique position among NNS’s in that its pharmacophore 
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caloric balance, such as increased caloric consumption due to unbalanced sweetness 
perception, would likely not be discovered in an initial NOAEL study.

There are synthetic sweeteners (acesulfame K, aspartame, cyclamate, saccharin, 
neotame, advantame, and sucralose), natural sweeteners (thaumatin, steviol glu-
cosides, monellin, neohesperidin dihydrochalcone, and glycyrrhizin), and nutritive 
sweeteners (polyols or sugar alcohols). In 2017 the world consumed 159,000 metric 
tons of NNS’s (valued at $2 billion USD). China was the top region consuming 
NNS’s (32%) followed by Asia/Oceania (23%), United States (23%), Europe (12%), 
and then Africa (7%) [19]. The NNS most used in food and drink was aspartame, 
followed by saccharin, acesulfame, and sucralose (18.5, 9.7, 6.8, and 3.3 thousand 
metric tons respectively) [20]. With the quantities of NNS being produced and 
consumed both increasing rapidly, their contamination in the environment has 
been of concern [21]. There has been quantitative reports finding NNS’s in surface 
water (e.g. lakes, rivers, streams), groundwater, tap water, discharge into the sea, 
and even in the atmosphere [22], as well as passing through Waste Water Treatment 
Plants (WWTPs) [23]. NNS’s have been found to interfere with photosynthesis, 
creating disturbances in carbon dioxide intake [24], and decreasing sugar break-
down in human body [25, 26]. The exposure to any of these environmental NNS’s 
would likely be orders of magnitude lower than current self-selected consumption 
levels. Acesulfame-potassium (Ace-K) was investigated, as an environmentally 
persistent NNS due to low biodegradation, and found to not pose an environmental 
risk with very low levels in surface water and even less in groundwater (lower parts 
per billion [ppb] range and lower parts per trillion [ppt] respectively) [27].

The metabolism of the main NNS’s can largely be put into 3 bins [28]: aspartame 
which is broken up when it hits the GI tract, artificial sweeteners that enter the GI 
tract (stevia, cyclamate, sucralose, acesulfame potassium), and sugar alcohols which 
can contribute calories to the diet. Cyclamate is not used in the US, and not widely 
used in Canada due to concerns about carcinogenesis. Advantame and neotame being 
newer compounds to the market also do not represent a large portion of the market.

2.1.1 Aspartame

Aspartame is 200 times sweeter than sugar, the most ubiquitous of the NNS’s, 
and is quickly digested into aspartic acid, phenylalanine, and methanol. Due to 
its amino acid constituency aspartame is strictly a nutritive sweetener. However, 
because 100 g of sugar can be replaced by less than a gram of aspartame, it is con-
sumed in such low levels that it is considered as a NNS [29]. The phenylalanine can 
build up to toxic levels in those with a rare genetic defect, phenylketonuria (PKU) 
present for 1 in 12,000 births [30], caused by mutations and lower levels in the 
enzyme phenylalanine hydroxylase (PAH). Infants are diagnosed with PKU shortly 
after birth and avoiding aspartame is achieved well by patients throughout life [31]. 
However, people with PKU do show increased oxidative stress [32] and the presence 
of comorbidities including asthma, alopecia, urticaria, gallbladder disease, rhinitis, 
esophageal disorders, anemia, overweight, GERD, eczema, renal insufficiency, 
osteoporosis, gastritis/esophagitis and kidney stones [33]. Methanol, which is con-
verted to formaldehyde (a known carcinogen) [34], is often pointed to as a reason 
to avoid aspartame, but higher levels of methanol are consumed when eating fruit 
[35, 36]. The FDA set the ADI of aspartame at 50 mg/kg/day and, despite consump-
tion increases since the 1980s, the US average and 95th percentile intake in 2013 was 
4.9 and 13.3 mg/kg/day respectively, showing consumption levels are still 4 fold 
below the ADI. While some customers have complained of an aspartame sensitivity 
a double blind study found there to be no evidence of any acute adverse response 
[37]. Aspartame holds a unique position among NNS’s in that its pharmacophore 
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structure which binds sweet receptors is obliterated by esterases and peptidases 
shortly after consumption when it enters the gastrointestinal (GI) tract. Many of 
the NNS’s have been shown to bind sweet receptors outside of the oral cavity, such 
as in the digestive tract. Among all the NNS’s consumers can be most confident that 
aspartame will not elicit endogenous sweet receptor cascades after swallowing due 
to its rapid degradation early in the GI tract (Figure 1).

2.1.2 Saccharin

Saccharin was one of the leading NNS’s used during the early increase in global 
consumption (along with aspartame), but lost market share in the 1980s due to 
a 1978 paper suggesting rats had an increase in carcinomas in their urinary blad-
der upon exposure [38]. Since then studies have shown saccharin does not cause 
urinary cancer in humans and the carcinoma in mice may have been due to the 
large amounts of sodium administered (as sodium saccharin) [39]. Saccharin has 
a pKa of 1.8 and is absorbed better in species with a low stomach pH (e.g. rabbits 
and humans compared to the higher pH in rats). Being very water soluble there 
is no build up of saccharin in tissues. In humans ~90% is absorbed and excreted 

Figure 1. 
Metabolism and excretion of non-nutritive sweeteners. NNS’s differ in their in vivo stability, distribution, and 
excretion. Acesulfame-K, saccharin, stevia enter the bloodstream and are mostly excreted in the urine. Sucralose 
exists via the feces but can accumulate in fat when in an acetylated form. Red box: Site of metabolism where 
NSS is degraded. Black double box: Site of distribution or accumulation. Dashed red box: Site of elimination.
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in the urine while only ~10% exits in the feces. Discovered in 1878, saccharins 
use started to increase around 1900 when it was initially used as a sweetener by 
diabetic patients, but during the world wars its use in food increased because there 
were sugar shortages [40]. The stability of saccharin decreases above 125°C which 
diminishes its usefulness in cooking [40]. Saccharin is 300-fold sweeter than sugar, 
1.5-fold sweeter than aspartame, and even among heavy consumers (~2 mg/kg/
day) [41, 42] its usage levels are below the ADI of 5 mg/kg/day [43]. While sac-
charin requires less of a dose than aspartame to attain the same sweetness, it does 
have an undesirable metallic taste at high concentrations [44]. Saccharin can cross 
the placental barrier in rats, monkeys, and humans with maternal tissues having 
higher steady-state levels than the fetus, though the concentration in the fetal 
tissue does decrease slower than in maternal tissues. Therefore, mothers do not 
need to be as concerned with saccharin building up in their fetus, but if lowering 
consumption there will be a delay in lowering levels in the fetus. Of note, while 
saccharin buildup itself may not be an issue for the fetus, the effect of NNS’s on the 
maternal metabolism can have knock-on effects which do seem to affect the fetus. 
Consistent NNS consumption is associated with glucose intolerance, interference 
with energy homeostasis [45–47], and if occurring during pregnancy is associated 
with increased chances of obesity for the child after birth [46–48].

2.1.3 Acesulfame-K

Acesulfame potassium (Ace-K) is a non-nutritive sweetener discovered in 1967 
when a researcher accidentally tasted a new synthesis compound. Often labeled as 
one of the more pleasant tasting NNS’s (no metallic taste), Ace-K is commercially 
attractive due to its 200-fold greater sweetness than sugar, along with excellent 
solubility and stability in water [49, 50]. Multiple organizations (JECFA in 1983, 
SCF in 1985, and the FDA in 1988), agreed that there were no adverse effects in 
either rats or dogs over a 2-year period when fed up to 3% Ace-K [43]. Using the 
body weights this led to NOAELs of 900 and 1500 mg/kg/day for dogs and rats 
respectively. The JECFA and FDA used the rat study to set the ADI at 15 mg/kg/
day while SCF used the dog study to set the ADI at 9 mg/kg/day [51]. Ace-K is not 
metabolized in humans, but can degrade into acetoacetamide. Radiolabeling studies 
showing intact Ace-K (and zero breakdown products) in serum, urine, feces and/
or bile [43, 50, 51]. In humans 98% of a 30 mg Ace-K dose was excreted in urine 
within 24 hours. In pregnant women 1.6% of radiolabeled Ace-K was excreted in 
milk in 24 hours, which dropped by an order of magnitude the next day (to 0.16%). 
The highest Ace-K concentration (0.4 mg/kg) occurred in humans 1.5 hours after 
consumption [52].

2.1.4 Sucralose

Recently a study in rats has shown that sucralose (80 mg/kg/day for 40 days) 
converted to acetylated forms of sucralose, which are less polar, deposit in fat 
tissue due to their lipophilicity (Figure 1). These acetylated sucralose compounds 
were detected 6 days after unmodified sucralose had left the body. The original 
studies and regulatory decision process were unaware of these metabolites or 
accumulation in adipose tissue due to use of a methanol fraction from feces for 
analysis [27]. Sucralose is a chlorinated carbohydrate, which has been found to 
persistently exist in wastewater treatment plant effluents and downstream aquatic 
environments. Free chlorine, ozone, and ferrate did not degrade sucralose in 
water, but strong oxidizing agent hydroxyl radicals (•OH) was able to degrade 
sucralose in water [53].



Sugar Intake - Risks and Benefits and the Global Diabetes Epidemic

44

structure which binds sweet receptors is obliterated by esterases and peptidases 
shortly after consumption when it enters the gastrointestinal (GI) tract. Many of 
the NNS’s have been shown to bind sweet receptors outside of the oral cavity, such 
as in the digestive tract. Among all the NNS’s consumers can be most confident that 
aspartame will not elicit endogenous sweet receptor cascades after swallowing due 
to its rapid degradation early in the GI tract (Figure 1).

2.1.2 Saccharin

Saccharin was one of the leading NNS’s used during the early increase in global 
consumption (along with aspartame), but lost market share in the 1980s due to 
a 1978 paper suggesting rats had an increase in carcinomas in their urinary blad-
der upon exposure [38]. Since then studies have shown saccharin does not cause 
urinary cancer in humans and the carcinoma in mice may have been due to the 
large amounts of sodium administered (as sodium saccharin) [39]. Saccharin has 
a pKa of 1.8 and is absorbed better in species with a low stomach pH (e.g. rabbits 
and humans compared to the higher pH in rats). Being very water soluble there 
is no build up of saccharin in tissues. In humans ~90% is absorbed and excreted 

Figure 1. 
Metabolism and excretion of non-nutritive sweeteners. NNS’s differ in their in vivo stability, distribution, and 
excretion. Acesulfame-K, saccharin, stevia enter the bloodstream and are mostly excreted in the urine. Sucralose 
exists via the feces but can accumulate in fat when in an acetylated form. Red box: Site of metabolism where 
NSS is degraded. Black double box: Site of distribution or accumulation. Dashed red box: Site of elimination.
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in the urine while only ~10% exits in the feces. Discovered in 1878, saccharins 
use started to increase around 1900 when it was initially used as a sweetener by 
diabetic patients, but during the world wars its use in food increased because there 
were sugar shortages [40]. The stability of saccharin decreases above 125°C which 
diminishes its usefulness in cooking [40]. Saccharin is 300-fold sweeter than sugar, 
1.5-fold sweeter than aspartame, and even among heavy consumers (~2 mg/kg/
day) [41, 42] its usage levels are below the ADI of 5 mg/kg/day [43]. While sac-
charin requires less of a dose than aspartame to attain the same sweetness, it does 
have an undesirable metallic taste at high concentrations [44]. Saccharin can cross 
the placental barrier in rats, monkeys, and humans with maternal tissues having 
higher steady-state levels than the fetus, though the concentration in the fetal 
tissue does decrease slower than in maternal tissues. Therefore, mothers do not 
need to be as concerned with saccharin building up in their fetus, but if lowering 
consumption there will be a delay in lowering levels in the fetus. Of note, while 
saccharin buildup itself may not be an issue for the fetus, the effect of NNS’s on the 
maternal metabolism can have knock-on effects which do seem to affect the fetus. 
Consistent NNS consumption is associated with glucose intolerance, interference 
with energy homeostasis [45–47], and if occurring during pregnancy is associated 
with increased chances of obesity for the child after birth [46–48].

2.1.3 Acesulfame-K

Acesulfame potassium (Ace-K) is a non-nutritive sweetener discovered in 1967 
when a researcher accidentally tasted a new synthesis compound. Often labeled as 
one of the more pleasant tasting NNS’s (no metallic taste), Ace-K is commercially 
attractive due to its 200-fold greater sweetness than sugar, along with excellent 
solubility and stability in water [49, 50]. Multiple organizations (JECFA in 1983, 
SCF in 1985, and the FDA in 1988), agreed that there were no adverse effects in 
either rats or dogs over a 2-year period when fed up to 3% Ace-K [43]. Using the 
body weights this led to NOAELs of 900 and 1500 mg/kg/day for dogs and rats 
respectively. The JECFA and FDA used the rat study to set the ADI at 15 mg/kg/
day while SCF used the dog study to set the ADI at 9 mg/kg/day [51]. Ace-K is not 
metabolized in humans, but can degrade into acetoacetamide. Radiolabeling studies 
showing intact Ace-K (and zero breakdown products) in serum, urine, feces and/
or bile [43, 50, 51]. In humans 98% of a 30 mg Ace-K dose was excreted in urine 
within 24 hours. In pregnant women 1.6% of radiolabeled Ace-K was excreted in 
milk in 24 hours, which dropped by an order of magnitude the next day (to 0.16%). 
The highest Ace-K concentration (0.4 mg/kg) occurred in humans 1.5 hours after 
consumption [52].

2.1.4 Sucralose

Recently a study in rats has shown that sucralose (80 mg/kg/day for 40 days) 
converted to acetylated forms of sucralose, which are less polar, deposit in fat 
tissue due to their lipophilicity (Figure 1). These acetylated sucralose compounds 
were detected 6 days after unmodified sucralose had left the body. The original 
studies and regulatory decision process were unaware of these metabolites or 
accumulation in adipose tissue due to use of a methanol fraction from feces for 
analysis [27]. Sucralose is a chlorinated carbohydrate, which has been found to 
persistently exist in wastewater treatment plant effluents and downstream aquatic 
environments. Free chlorine, ozone, and ferrate did not degrade sucralose in 
water, but strong oxidizing agent hydroxyl radicals (•OH) was able to degrade 
sucralose in water [53].
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In animal and human studies sucralose has been shown to not have carcinogenic 
activity, even when consumed at doses several orders of magnitude more than 
normal consumption levels [54]. Sucralose largely passes through the digestive tract 
and is eliminated in feces unchanged (85%) [54]. The remaining 15% of sucralose 
does distribute throughout the body, but because there is not active transport there 
are not significant levels in breast milk or across the blood–brain barrier into the 
central nervous system. There is 2–3% of consumed sucralose undergoing phase 
II metabolism (glucuronidation) and, along with the other 12% that was initially 
retained, is excreted in the urine [55–57].

2.1.5 Stevia

Stevia is not absorbed, whereas cyclamate and sucralose are partially absorbed 
but still not metabolized. Steviol glycosides and luo han guo fruit extracts are 
categorized as natural sweeteners by the FDA and therefore regulated differently 
[58]. Steviol glycosides are actually a group of compounds which are metabolized 
differently with varying biological effects, and while usually derived from the 
Stevia rebaudiana Bertoni plant, can also be produced via fermentation [59]. All 
steviol glycosides share a common chemical core structure, diterpene steviol 
(the final product of colonic bacterial metabolism). The Joint Expert Committee 
on Food Additives (JECFA) established an upper acceptable daily intake (ADI) 
of 2 mg/kg/day based on the amount of steviol after digestion which has been 
termed the “steviol equivalent”. For example, 3 mg of rebaudioside A converts 
to just 1 mg of steviol equivalent. Steviol glycosides are not metabolized in the 
upper gastrointestinal tract, but once reaching the colon bacteria convert them 
to steviol compounds which travel to the liver and are glucuronidated to steviol 
glucuronide [24] (Figure 1). Increasing levels of steviol glucuronide can be 
detected to peak in the plasma in humans 8 hours after administration, with a 
half-life of ~14 hours. In rats almost all of radiolabeled steviol glycosides were 
found in feces, with less than 2% showing up in urine [25]. However in humans 
steviol glucuronide was excreted in urine not feces, due to a difference in biliary 
excretion molecular weight thresholds compared to rats [17, 18]. The glucose that 
is removed from the glycosides in the colon is not absorbed as caloric input by 
humans, and is assumed to be quickly consumed by the colonic bacteria.

2.1.6 Sugar alcohols (sorbitol, xylitol, and erythritol)

While sugar alcohols (sorbitol, xylitol, and erythritol) are often binned with all 
of the sugar substitutes, they are not actually NNS’s since they do contribute usable 
calories for humans. Sorbitol, xylitol, and erythritol are carbon chains with an 
alcohol attached to each carbon and differ structurally only in their carbon length 
with 6, 5, and 4 carbons respectively (Table 1). Sorbitol has low absorption, is 
hyperosmotic causing laxative effects, and is metabolized to fructose (via sorbitol 
dehydrogenase). Xylitol has low absorption in the GI tract, and is processed in the 
pentose phosphate pathway (PPP). Erythritol is absorbed but not metabolized and 
has negligible calories compared to sorbitol or xylitol. Generally the NNS’s do not 
increase blood glucose levels with an exception being xylitol and maltitol which 
increase blood glucose about 40% and 80% as much as sugar respectively [24].

2.2 Effect on gut biome

The human body has been estimated to have 10-fold more bacterial symbiotic 
cells than human cells. The gut microbiome contains 1014 microorganisms that play 
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a role in host nutrition, proliferation of intestinal cells, bone mineralization, xeno-
biotic metabolism, immune system regulation and protection against pathogens 
[60]. The effect of NAS of gut microbiome is clearly augmented by multiple NAS 
and could be responsible for a significant fraction of the negative population level 
obesity increases. In an elegant paper Suez et al. showed NAS consumption led to 
glucose intolerance through induction of compositional and functional alterations 
to the intestinal microbiota [61]. Mice fed saccharin, sucralose, or aspartame all 
showed increased blood glucose during an oral glucose test (>250 mg/dl at 15 min. 
Vs 200 mg/dl for sucrose or glucose), as well as increased area under the two-hour 
blood glucose response curve (AUC) after 11 weeks of consuming NAS. These 
deleterious effects were abrogated by antibiotic treatment, but were fully transfer-
rable to germ-free mice upon fecal transplantation of microbiota configurations 
from NAS-consuming mice. Saccharin exhibited the greatest glucose intolerance 
and was further studied. Interestingly mice fed saccharin did not show differences 
in liquid or chow consumption, oxygen consumption, walking distance or energy 
expenditure. In contrast the gut microbiome of the mice fed saccharin did change 
significantly, with more than 40 operational taxonomic units (OTUs) significantly 
altered in abundance. Taxa that increased in relative abundance belonged to the 
Bacteroides genus and Clostridiales order, while other members of the Clostridiales 
order comprised the majority of under-represented taxa, along with Lactobacillus 
reuteri, with similar effects in germ-free recipients of stools from saccharin-
consuming donors [61]. A similar NAS-induced dysbiosis and glucose intolerance 
was demonstrated in healthy human subjects (based on a validated food frequency 
questionnaire) [61]. However Ruiz-Ojeda et al. (2019) reviewed the NNS’s and 
found only sucralose, saccharin, and stevia to have evidence of effecting the gut 
microbiota. Sucralose could cause dysbiosis by lowering the total number of bifi-
dobacteria, lactobacilli, Bacteriodes, and Clostridiales (both aerobic and anaerobic 
species) [62]. A study in 2017 found sucralose could increase Clostridium cluster 
XIVa in mice [63]. A positive correlation was found between NAS consumption 
and multiple metabolic-syndrome-related clinical parameters including: increased 
weight and waist-to-hip ratio (measures of central obesity), higher fasting blood 
glucose, glycosylated hemoglobin (HbA1C% indicative of glucose concentration 
over the previous 3 months) and glucose tolerance test (GTT, measures of impaired 
glucose tolerance). A small study was also done following seven healthy non-NAS 
consuming volunteers for 1 week (5 males and 2 females, aged 28–36) in which they 
consumed the FDA’s maximal acceptable daily intake (ADI) of commercial saccharin 
(5 mg/kg body weight, as 120 mg x 3times/day) and were monitored by continuous 
glucose measurements and daily GTT. Even in the short 7-day exposure period, most 
individuals (4 out of 7) developed significantly poorer glycaemic responses [61].

Consuming larger amounts of non-caloric artificial sweeteners (NAS) have 
been found to increase in hemoglobin (HbA1C %), as well as increased levels of 
Enterobacteriaceae family, Deltaproteobacteria class, and Actinobacteria phylum 
found in fecal microbiota [61]. There have been literature reviews that found such 
effects to be inconsistent with methodological or reporting problems concluding 
that NAS’s (e.g., acesulfame K, aspartame, cyclamate, neotame, saccharin, sucra-
lose, steviol glycosides) have no evidence of an actual adverse effect on human 
health [64]. Such reviews often point out that studies showing changes in the diet 
unrelated to NAS consumption may be confounding the data. It is worth noting 
that such studies can be funded by corporate entities with conflicts of interest, such 
as the Calorie Control Council (established in 1966 as an international association 
representing the low- and reduced-calorie food and beverage industry) [64]. A 2016 
systematic study on risk of bias screened 493 papers publishing about NNS and, 
after analyzing the 31 papers that met the eligibility requirements, found extremely 



Sugar Intake - Risks and Benefits and the Global Diabetes Epidemic

46

In animal and human studies sucralose has been shown to not have carcinogenic 
activity, even when consumed at doses several orders of magnitude more than 
normal consumption levels [54]. Sucralose largely passes through the digestive tract 
and is eliminated in feces unchanged (85%) [54]. The remaining 15% of sucralose 
does distribute throughout the body, but because there is not active transport there 
are not significant levels in breast milk or across the blood–brain barrier into the 
central nervous system. There is 2–3% of consumed sucralose undergoing phase 
II metabolism (glucuronidation) and, along with the other 12% that was initially 
retained, is excreted in the urine [55–57].

2.1.5 Stevia

Stevia is not absorbed, whereas cyclamate and sucralose are partially absorbed 
but still not metabolized. Steviol glycosides and luo han guo fruit extracts are 
categorized as natural sweeteners by the FDA and therefore regulated differently 
[58]. Steviol glycosides are actually a group of compounds which are metabolized 
differently with varying biological effects, and while usually derived from the 
Stevia rebaudiana Bertoni plant, can also be produced via fermentation [59]. All 
steviol glycosides share a common chemical core structure, diterpene steviol 
(the final product of colonic bacterial metabolism). The Joint Expert Committee 
on Food Additives (JECFA) established an upper acceptable daily intake (ADI) 
of 2 mg/kg/day based on the amount of steviol after digestion which has been 
termed the “steviol equivalent”. For example, 3 mg of rebaudioside A converts 
to just 1 mg of steviol equivalent. Steviol glycosides are not metabolized in the 
upper gastrointestinal tract, but once reaching the colon bacteria convert them 
to steviol compounds which travel to the liver and are glucuronidated to steviol 
glucuronide [24] (Figure 1). Increasing levels of steviol glucuronide can be 
detected to peak in the plasma in humans 8 hours after administration, with a 
half-life of ~14 hours. In rats almost all of radiolabeled steviol glycosides were 
found in feces, with less than 2% showing up in urine [25]. However in humans 
steviol glucuronide was excreted in urine not feces, due to a difference in biliary 
excretion molecular weight thresholds compared to rats [17, 18]. The glucose that 
is removed from the glycosides in the colon is not absorbed as caloric input by 
humans, and is assumed to be quickly consumed by the colonic bacteria.

2.1.6 Sugar alcohols (sorbitol, xylitol, and erythritol)

While sugar alcohols (sorbitol, xylitol, and erythritol) are often binned with all 
of the sugar substitutes, they are not actually NNS’s since they do contribute usable 
calories for humans. Sorbitol, xylitol, and erythritol are carbon chains with an 
alcohol attached to each carbon and differ structurally only in their carbon length 
with 6, 5, and 4 carbons respectively (Table 1). Sorbitol has low absorption, is 
hyperosmotic causing laxative effects, and is metabolized to fructose (via sorbitol 
dehydrogenase). Xylitol has low absorption in the GI tract, and is processed in the 
pentose phosphate pathway (PPP). Erythritol is absorbed but not metabolized and 
has negligible calories compared to sorbitol or xylitol. Generally the NNS’s do not 
increase blood glucose levels with an exception being xylitol and maltitol which 
increase blood glucose about 40% and 80% as much as sugar respectively [24].

2.2 Effect on gut biome

The human body has been estimated to have 10-fold more bacterial symbiotic 
cells than human cells. The gut microbiome contains 1014 microorganisms that play 
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a role in host nutrition, proliferation of intestinal cells, bone mineralization, xeno-
biotic metabolism, immune system regulation and protection against pathogens 
[60]. The effect of NAS of gut microbiome is clearly augmented by multiple NAS 
and could be responsible for a significant fraction of the negative population level 
obesity increases. In an elegant paper Suez et al. showed NAS consumption led to 
glucose intolerance through induction of compositional and functional alterations 
to the intestinal microbiota [61]. Mice fed saccharin, sucralose, or aspartame all 
showed increased blood glucose during an oral glucose test (>250 mg/dl at 15 min. 
Vs 200 mg/dl for sucrose or glucose), as well as increased area under the two-hour 
blood glucose response curve (AUC) after 11 weeks of consuming NAS. These 
deleterious effects were abrogated by antibiotic treatment, but were fully transfer-
rable to germ-free mice upon fecal transplantation of microbiota configurations 
from NAS-consuming mice. Saccharin exhibited the greatest glucose intolerance 
and was further studied. Interestingly mice fed saccharin did not show differences 
in liquid or chow consumption, oxygen consumption, walking distance or energy 
expenditure. In contrast the gut microbiome of the mice fed saccharin did change 
significantly, with more than 40 operational taxonomic units (OTUs) significantly 
altered in abundance. Taxa that increased in relative abundance belonged to the 
Bacteroides genus and Clostridiales order, while other members of the Clostridiales 
order comprised the majority of under-represented taxa, along with Lactobacillus 
reuteri, with similar effects in germ-free recipients of stools from saccharin-
consuming donors [61]. A similar NAS-induced dysbiosis and glucose intolerance 
was demonstrated in healthy human subjects (based on a validated food frequency 
questionnaire) [61]. However Ruiz-Ojeda et al. (2019) reviewed the NNS’s and 
found only sucralose, saccharin, and stevia to have evidence of effecting the gut 
microbiota. Sucralose could cause dysbiosis by lowering the total number of bifi-
dobacteria, lactobacilli, Bacteriodes, and Clostridiales (both aerobic and anaerobic 
species) [62]. A study in 2017 found sucralose could increase Clostridium cluster 
XIVa in mice [63]. A positive correlation was found between NAS consumption 
and multiple metabolic-syndrome-related clinical parameters including: increased 
weight and waist-to-hip ratio (measures of central obesity), higher fasting blood 
glucose, glycosylated hemoglobin (HbA1C% indicative of glucose concentration 
over the previous 3 months) and glucose tolerance test (GTT, measures of impaired 
glucose tolerance). A small study was also done following seven healthy non-NAS 
consuming volunteers for 1 week (5 males and 2 females, aged 28–36) in which they 
consumed the FDA’s maximal acceptable daily intake (ADI) of commercial saccharin 
(5 mg/kg body weight, as 120 mg x 3times/day) and were monitored by continuous 
glucose measurements and daily GTT. Even in the short 7-day exposure period, most 
individuals (4 out of 7) developed significantly poorer glycaemic responses [61].

Consuming larger amounts of non-caloric artificial sweeteners (NAS) have 
been found to increase in hemoglobin (HbA1C %), as well as increased levels of 
Enterobacteriaceae family, Deltaproteobacteria class, and Actinobacteria phylum 
found in fecal microbiota [61]. There have been literature reviews that found such 
effects to be inconsistent with methodological or reporting problems concluding 
that NAS’s (e.g., acesulfame K, aspartame, cyclamate, neotame, saccharin, sucra-
lose, steviol glycosides) have no evidence of an actual adverse effect on human 
health [64]. Such reviews often point out that studies showing changes in the diet 
unrelated to NAS consumption may be confounding the data. It is worth noting 
that such studies can be funded by corporate entities with conflicts of interest, such 
as the Calorie Control Council (established in 1966 as an international association 
representing the low- and reduced-calorie food and beverage industry) [64]. A 2016 
systematic study on risk of bias screened 493 papers publishing about NNS and, 
after analyzing the 31 papers that met the eligibility requirements, found extremely 
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statistically significant bias [65]. Reviews that were sponsored by the artificial 
sweetener industry were 1700% more likely to have favorable results (Relative Risk 
(RR) = 17.25). Not only do industry reported papers supporting the use of NNS’s 
seem unreliable, but all 4 papers analyzed that were funded by NNS competitor 
companies (sugar and water industry) found unfavorable conclusions. A disturbing 
42% of reviews did not have authors’ financial conflicts of interest disclosed. Lastly 
reviews performed by authors with financial conflicts of interest almost always had 
favorable conclusions (18/22, RR = 7.36) [65].

Aspartame and acesulfame-K have been found to not interact with the human 
colonic microbiota, whereas saccharin and sucralose change the gut microbiome 
populations (though those effects are not clearly positive or detrimental) [66]. 
Sugar alcohols can also reach the colonic microbiota and act as prebiotics, with 
accompanying negative laxative effects [67], particularly in patients with inflam-
matory bowel syndrome (IBS). Since sucralose can deposit in fat tissue in an 
acelatyed version (see metabolism section), studies that have looked at the effect of 
sucralose with less than a week washout period could have to be revisited [68].

While most studies have just measured disturbances or lack thereof from NNS’s 
there have been some advancements in the physiological and mechanistic effects gut 
microbiome dysbiosis could cause. One leading concern would be if NNS’s can lead 
t0 Non-alcoholic fatty liver disease (NAFLD). NAFLD is denoted by an excess fat in 
the liver in people who do not drink significant alcohol. Gut dysbiosis has a con-
tinually increasing number of known effects including altering caloric absorption 
[69], development of a “leaky gut”, increase in bile acid receptors and transporters, 
as well as choline deficiency. A leaky gut allows proinflammatory molecules and 
bacterial endotoxins (e.g. LPS and ethanol) to enter the bloodstream, travel through 
the portal vein to the liver and increase hepatic inflammation which leads to 
NAFLD. Increases in bile acid lead to insulin resistance and NAFLD [60]. Dysbiosis 
in the gut increases conversion of choline to dimethylamine (DMA) and trimethyl-
amine (TMA) [70, 71], potentially leading to choline deficiency which decreases the 
transportation of VLDL which is used to mobilize fat from the liver [60].

2.3 Effect on host metabolism and obesity

Glucose (which NSS’s mimic) has long been known as the in vivo “nutrient 
sensor”, not only for carbohydrates consumed but as a “fed state” signal in general 
since muscular protein can be broken down to produce glucose (via gluconeogen-
esis). However it appears that the dose dependent glucose detection of sweetness, 
which matches the caloric load of that glucose, is also an important input for our 
in vivo nutrient sensor. Recent evidence suggests NNS consumption disrupts our 
normal association if sweetness levels detected differ from caloric intake, causing 
us to crave even more sweets and gain weight. Indeed, the San Antonio Heart Study 
found those who drank more than 21 diet drinks per week were found to be twice as 
likely to become overweight or obese as people who did not drink diet soda [72].

2.3.1 Sweetness and caloric load alignment for maximal metabolic response

A ground breaking study by Veldhuizen et al. found that for carbohydrate 
reward to maximize its biological response the level of sweet taste must match the 
caloric load that natural carbohydrate food would provide [73]. The level of caloric 
load was manipulated using maltodextrin, a tasteless carbohydrate, while the 
sweetness levels were manipulated with the NNS sucralose. Beverages with differ-
ing amounts of maltodextrin + sucralose showed a non-linear response between 
caloric load, metabolic response and reinforcement potency. When sweetness 
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is proportional to caloric load greater metabolic responses are observed. Lower 
calorie beverages were able to produce greater metabolic response than a beverage 
with more calories but the same level of sweetness, and that data was integrated in 
the Central Nervous System (CNS). fMRI studies showed the nucleus accumbens 
(NAcc) response was also greatest when sweetness and caloric load were balanced 
[73]. It understandably appears humans have evolved to elicit a maximum metabolic 
response to carbohydrate when the caloric load matches the sweetness that natural 
sugars such as glucose induce. The use of NNS’s are almost always used to replace 
the sweetness lost when calories are removed from processed foods or beverages, 
which is now know to elicit a submaximal metabolic response.

2.3.2 Nutrient sensing

Approximately 1% of the mucosal epithelial layer of the gastrointestinal (GI) 
tract are made up of hormone-secreting enteroendocrine (EE) cells, which by mass 
are the largest endocrine tissue in the body. It is now understood that whole-body 
metabolism integrates signals from many metabolically active tissues (GI tract, 
pancreas, adipose tissue, liver, and the CNS). These organs can release both nutri-
ent storage hormones in the fed state postprandially (e.g. glucagon-like peptide-1 
(GLP-1), gastric inhibitory peptide (GIP, also known as: glucose-dependent insuli-
notropic polypeptide), peptide tyrosine tyrosine (PYY), Cholecystokinin (CCK), 
Oxyntomodulin (OXM)) or after a period of fasting (e.g. ghrelin, 5-hydroxytrypta-
mine (5-HT, also known as gut-derived serotonin when released by the intestine)). 
Agonists of the sweet taste receptors in the GI tract modifies secretion of GLP-1, 
PYY, ghrelin, and GIP which appears to increase the storage of blood glucose [5] 
(to glycogen or triacylglycerides and preferential differentiation into adipocytes) 
[58]. Glucose causes GLP-1 secretion via glucose-dependent Na+ uptake via SGLT-1 
and intracellular glucose metabolism, closing the KATP channels, causing further 
depolarisation and exocytosis [74]. The distal portion of the small intestine in 
particular regulates glucose uptake via release of incretins (GLP-1, GIP) [74]. While 
many of these hormonal links to metabolic syndrome have been elucidated, such as 
increased 5-HT gut-derived serotonin levels in type II diabetics, most of the knowl-
edge covers the correlation of hormone levels with disease and the downstream 
effects (such as increased lipogenisis) but not the breadth and magnitude of molec-
ular mechanisms causing this. For example, while serotonin is most often thought 
of for its neurotransmitter effects in the CNS, more than 90% of whole body 5-HT 
levels are produced in enterochromaffin (EC) cells in the intestinal epithelium lin-
ing and platlets. These EC cells in the gut lumen detect multiple nutritional moieties 
such as glucose and fructose [75, 76], medium chain fatty acids, as well as various 
tastants and olfactants [77]. Studies of such EC cell stimulation are confounded by 
the fact that they are also regulated by mechanical stimulation, neural and endo-
crine inputs (e.g. adrenergic stimulation and GABA and somatostatin inhibition) 
[78]. The increased gut-derived 5-HT during a fasted state, along with glucagon, 
increases hepatic gluconeogenesis and glycogenolysis and therefore glucose output 
from the liver, while also inhibiting glucose uptake or glycogen synthesis at the liver. 
At the same time 5-HT increases lypolysis in white fat cells.

Under fasting conditions, gut-derived 5-HT, together with glucagon, mark-
edly increases hepatic glucose output, a main driver of fasting euglycaemia, by 
increasing hepatic gluconeogenesis and glycogenolysis (29), while inhibiting 
glucose uptake and glycogen synthesis in the liver (30). 5-HT promotes not only 
lipolysis, but also energy conservation and weight gain via reduced thermogenesis 
in brown adipose tissue (and hence reduced energy expenditure) [79]. Antagonists 
and agonists of these caloric receptors, such as NNS’s, have to be considered in the 
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statistically significant bias [65]. Reviews that were sponsored by the artificial 
sweetener industry were 1700% more likely to have favorable results (Relative Risk 
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companies (sugar and water industry) found unfavorable conclusions. A disturbing 
42% of reviews did not have authors’ financial conflicts of interest disclosed. Lastly 
reviews performed by authors with financial conflicts of interest almost always had 
favorable conclusions (18/22, RR = 7.36) [65].
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colonic microbiota, whereas saccharin and sucralose change the gut microbiome 
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Sugar alcohols can also reach the colonic microbiota and act as prebiotics, with 
accompanying negative laxative effects [67], particularly in patients with inflam-
matory bowel syndrome (IBS). Since sucralose can deposit in fat tissue in an 
acelatyed version (see metabolism section), studies that have looked at the effect of 
sucralose with less than a week washout period could have to be revisited [68].
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the liver in people who do not drink significant alcohol. Gut dysbiosis has a con-
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2.3 Effect on host metabolism and obesity

Glucose (which NSS’s mimic) has long been known as the in vivo “nutrient 
sensor”, not only for carbohydrates consumed but as a “fed state” signal in general 
since muscular protein can be broken down to produce glucose (via gluconeogen-
esis). However it appears that the dose dependent glucose detection of sweetness, 
which matches the caloric load of that glucose, is also an important input for our 
in vivo nutrient sensor. Recent evidence suggests NNS consumption disrupts our 
normal association if sweetness levels detected differ from caloric intake, causing 
us to crave even more sweets and gain weight. Indeed, the San Antonio Heart Study 
found those who drank more than 21 diet drinks per week were found to be twice as 
likely to become overweight or obese as people who did not drink diet soda [72].

2.3.1 Sweetness and caloric load alignment for maximal metabolic response

A ground breaking study by Veldhuizen et al. found that for carbohydrate 
reward to maximize its biological response the level of sweet taste must match the 
caloric load that natural carbohydrate food would provide [73]. The level of caloric 
load was manipulated using maltodextrin, a tasteless carbohydrate, while the 
sweetness levels were manipulated with the NNS sucralose. Beverages with differ-
ing amounts of maltodextrin + sucralose showed a non-linear response between 
caloric load, metabolic response and reinforcement potency. When sweetness 
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effects (such as increased lipogenisis) but not the breadth and magnitude of molec-
ular mechanisms causing this. For example, while serotonin is most often thought 
of for its neurotransmitter effects in the CNS, more than 90% of whole body 5-HT 
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the fact that they are also regulated by mechanical stimulation, neural and endo-
crine inputs (e.g. adrenergic stimulation and GABA and somatostatin inhibition) 
[78]. The increased gut-derived 5-HT during a fasted state, along with glucagon, 
increases hepatic gluconeogenesis and glycogenolysis and therefore glucose output 
from the liver, while also inhibiting glucose uptake or glycogen synthesis at the liver. 
At the same time 5-HT increases lypolysis in white fat cells.

Under fasting conditions, gut-derived 5-HT, together with glucagon, mark-
edly increases hepatic glucose output, a main driver of fasting euglycaemia, by 
increasing hepatic gluconeogenesis and glycogenolysis (29), while inhibiting 
glucose uptake and glycogen synthesis in the liver (30). 5-HT promotes not only 
lipolysis, but also energy conservation and weight gain via reduced thermogenesis 
in brown adipose tissue (and hence reduced energy expenditure) [79]. Antagonists 
and agonists of these caloric receptors, such as NNS’s, have to be considered in the 
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hormone secretion per cell. However as an example, HT-5 also increases the density 
or glucose-sensitivity of duodenal EC cells, which can be measured in obese human 
duodenal EC cells [80], but the molecular mechanisms producing this increased 
density have not been elucidated.

Because adipocytes (both undifferentiated and mature) express sweet and bitter 
taste receptors [69], a direct role of NNS’s in adipocyte differentiation and function 
is likely. Both acesulfame-K and saccharin bind the bitter taste receptors at higher 
concentrations adding the complexity of a second pathway they stimulate compared 
to many other NNS’s [70]. Sucralose was found to promote fat accumulation and 
upregulate adipogenesis, inflammation, and antioxidant pathways [71]. While 
rodents lacking sweet taste receptor subunits were shown to have less adiposity and 
smaller adipocytes on a Western diet [32], showing the importance of sweet taste 
receptor signaling for normal adipose tissue development. One study suggested 
NNS’s were not dependent on sweet taste receptors to stimulate adipogenesis or sup-
press lipolysis [36]. However in contrast, Masubuchi et al. reported that adipogenesis 
was inhibited by sucralose and saccharin in preadipocytes [72], and suggested NNS 
exposure leads to microtubule disassembly and alteration of the PI3K–Akt signaling 
pathway [72]. The rodent and in vitro studies do not provide conclusive results [58].

A pattern has emerged in which observational studies make NNS’s appear harm-
ful causing increased weight, while intervention studies find NNS’s reduce weight. 
A natural hypothesis was that in the observational studies the people consuming 
NNS’s must have compensated by eating more solid food calories at subsequent 
meals, which indeed was found in some studies, but others reported a reduction 
in total energy expenditure after NNS consumption [81]. When sweet receptors 
in the oral cavity are activated not only does the brain perceive sweetness but the 
body prepares to digest calories through the cephalic phase responses, most notably 
the cephalic phase insulin response (CPIR) which is a neurally-mediated release of 
insulin prior to nutrient absorption [82]. Not only do glucose [83] and sucrose [82] 
stimulate CPIR, but saccharin [82] and possibly sucralose [84] also to activate CPIR. 
Of note, all these molecules which activate CPIR seem to bind the same VFD region 
on the T1R3 receptor [84]. In contrast aspartame [84, 85], stevioside and cyclamate 
[86] all bind a different site on the receptor and fail to elicit the CPIR response. If 
this CPIR were the main driver of obesity and driven by binding the VFD region 
on T1R3 then those consuming saccharin and sucralose would be expected to have 
increased Total Body Weight (TBW) compared to those consume aspartate, stevio-
side, or cyclamate. However, that has been neither proven nor disproven. In addi-
tion while CPIR may be activated through the sweet receptor recent studies have 
suggested that CPIR may actually be activated through the adenosine triphosphate 
(ATP)-sensitive potassium channel (KATP channels) [87] which are also found on 
T1R3-containing taste cells [88].

The magnitude with which the combination of circadian rhythm and eating controls 
metabolism at a cellular level is currently a productive field of research. The use of NSS’s 
during fasting would be useful to not only elucidate the pathways augmented by NNS’s 
while removing confounding variables, but would also shed some needed information 
on to what degree, if any, NNS’s inhibit the positive molecular effects of fasting. It is 
now well documented that extended fasts (> = 1 day) increase autophagy (recycling 
of cellular content) [89–93] which has been shown to be anti-cancer [94], anti-aging 
[93, 95–100], beneficial to sleep [101–103], protective of muscle loss [89, 104], and 
clearly helpful to reduce weight [105–109]. Many people that undergo intermittent 
fasting still consume diet beverages because they are viewed as low or zero calorie. 
Quality-Adjusted Life Years (QALYs) analyses for NNS’s, incorporating data across 
multiple disease states, would be useful in determining the utility of NSS’s (e.g. posi-
tive tastant stimulant vs. negative microbiome modulator). The main QALY studies 
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found in pubmed by the author concerned the efficacy of sugar taxes to increase QALYs 
[110–113]. Sirtuin 1 (SIRT1) is a deacetylase involved in normal circadian rhythm 
modifications, has been linked to increasing longevity, and increases with fasting. 
Recently NNS’s (aspartame and saccharin) were used to suggest the metabolic effects of 
sugars (not perception of sweetness) resulted in the SIRT1 regulation of a simple sugar 
preference [114]. It is unknown if NNS consumption during fasting effects such calorie 
specific pathways as quality of sleep, autophagy, mTOR inhibition, muscle sparing 
during exercise, or increased efficacy of cancer therapy.

2.4 Effect on cancer

Non-nutritive sweeteners (NNS’s) have had a rollercoaster history in being 
viewed at either increasing or decreasing lifespan, with quality of life being less 
often measured. An early study by Reuber in 1978, which received tremendous 
attention in the popular press, appeared to show very high levels of saccahrin caus-
ing bladder cancer in rodents [38]. However, earlier and later studies did not support 
this conclusion and mechanistic data [115] showed different saccharin metabolism 
in rodents and humans [39, 116, 117]. Yet as a result of the Reuber study, saccharin 
was listed from 1981 to 2000 as a substance reasonably anticipated to be a human 
carcinogen in the U.S. National Toxicology Program’s Report on Carcinogens [118, 
119]. Since 2000 the view of NNS’s has increasingly become Generalized Recognized 
as Safe (GRAS). This continued for maybe 15 years, until recent data showing a fail-
ure to reduce obesity has again ramped up questions regarding their utility. However 
large cohort studies of NNS consumption showed all-cause mortality to increase in 
a range from 4% [120] - 24% [121]. The correlation with increased risk from cardio-
vascular (13% [120]) and circulatory disease (52% [121]) was higher.

Recent data suggests that NNS’s may actually be beneficial in the treatment of 
cancer patients [122, 123], in contrast to the earlier attention to carcinogenicity or 
current concern over obesity in the general public. Cancer cells are well known to be 
energy hungry, activating molecular pathways of growth to multiply quickly. It has 
been found that fasting can improve outcomes for cancer patients [123]. The specific 
food that a cancer patient consumes, or lack thereof, can cause tumor starvation, 
have cancer-specific toxicity, activate anticancer immune response, or enhance 
drug-based therapy. Reducing calories have been shown to attack, stress, and kill 
cancer cells. Low calorie or ketogenic diets increase tumor-infiltrating CD8+ T cells 
[94, 124] and reduce immune inhibitory ligand expression such as PDL-1138 [125]. 
If NNS’s were used to decrease calories consumed in cancer patients the type and 
time of remaining calories consumed is still important. Modifying consumption 
of specific amino acids can be useful when treating cancer patients. For example, 
both glucose (sugar) and glutamine (protein) are central to cell growth (e.g. TCA 
cycle, Nucleotide synthesis, Cellular redox balance, Lipid synthesis) [123]. Glucose 
contributes pyruvate and acetyl-CoA to the TCA cycle while glutamine adds 
α-ketoglutarate, producing ATP and NADH which is used in oxidative phosphoryla-
tion to create even more ATP generation. Both glucose and glutamine are needed for 
different steps in nucleotide synthesis so lowering consumption of both will syner-
gistically inhibit cancer cells more that inhibition of either alone. Likewise glucose 
and glutamine work orthogonally to maintain cellular redox potential balance. 
Glucose is needed for NADPH production via the pentose-phosphate pathway, and 
glutamine in conjunction with NADPH forms the antioxidant GSH. Lipid synthesis 
needs both glucose for cytoplasmic acetyl-CoA and glutamine as a carbon source, 
particularly under hypoxic conditions which are common in tumors. Methionine 
restriction reduces one-carbon metabolism and nucleotide synthesis, thereby 
improving cancer inhibition by chemotherapy and radiation. Histidine catabolism 
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hormone secretion per cell. However as an example, HT-5 also increases the density 
or glucose-sensitivity of duodenal EC cells, which can be measured in obese human 
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reduces cells levels of tetrahydrofolate, which is a cofactor in nucleotide synthesis. 
The cancer drug Methotrexate inhibits dihydrofolate reductase which generates 
tetrahydrofolate, therefore histidine supplementation could act synergistically with 
methotrexate in killing cancer cells [123]. Increasing arginine in mice was found to 
increase T-cell activation and T-cell mediated antitumor response [126].

All of these example diets with glucose and specific amino acids suggest a cancer 
patient on a high fat/low carb/low protein diet with NNS’s could have better out-
comes than if on a normal diet.. While NNS’s could increase adherence to such diets 
it is not currently known if such a diet would be any better than intermittent fasting 
for cancer patients [95, 98, 105, 127–130], and in fact intermittent fasting has been 
shown in analysis to have the best adherence of common diets.

NNS’s have been shown to increase death, though studies have varied largely in the 
magnitude of the effect. In 2018 Mulle et al. found NNS’s to cause more deaths than 
natural sugar. The study was done with a 451,743 cohort from across 10 European 
countries. Participants were fairly healthy and excluded if they had preexisting 
conditions (cancer, heart disease, stroke, or diabetes at baseline), with a mean (SD) 
age of 50.8 (9.8) years. The participants were mostly women (71.1%). Participants 
that consumed 2 or more glasses per day of total soft drinks (with NNS’s or sugar 
beverages, compared to <1 glass per month) died earlier (hazard ratio [HR], 1.17; 
95% CI, 1.11–1.22; P < .001). Sugar-sweetened soft drinks only had a HR of 1.08 (95% 
CI, 1.01–1.16; P = .004), compared to NNS’s with a HR of 1.26 (95% CI, 1.16–1.35; 
P < .001). While NNS’s seemed to increase participants risk of deaths from circula-
tory diseases (HR, 1.52; 95% CI, 1.30–1.78; P < .001), sugar-sweetened soft drinks 
increased deaths from digestive diseases (HR, 1.59; 95% CI, 1.24–2.05; P < .001) [121].

Some studies have found aspartame to be carcinogenic in large animal stud-
ies with rats [131, 132] and mice [131, 133] (many animals per sex and group of 
exposure, numerous dose levels tested, and with observation extending to death) 
[134]. In 2012 a prospective epidemiological study showed diet soda with aspartame 
to increase risk of non-Hodgkin’s lymphoma and multiple myeloma in men [135]. 
Some have theorized that increased aspartame consumption could be linked to an 
increase in brain tumors [136], but a later study looking at almost half a million 
people between 50 and 71 years of age found there to be no link between aspartame 
and either hematopoietic or brain cancer [137]. However, a metaanalysis of 22 
studies found aspartame to not cause cancer while looking at low, medium, and 
high doses in rodents, however it is worth noting that the odds ratio had an extraor-
dinarily large range from 0.115 to 3.500 [138]. While case control studies have found 
an increased risk of cancer, such as a relative risk (RR) 1.3 for bladder cancer from 
heavy sweetener consumption, the same study found heavy coffee consumption (50 
cups/week) had a RR of 1.4 for bladder cancer [34, 139]. While cancer can result in 
death, and therefore has large negative effects on Quality of Life Year calculations 
(QALYs), the data does not suggest NNS’s increased cancer risk as much as other 
diseases, such as circulatory disease and metabolic syndromes.

3. Conclusions

While the continually growing list of NNS’s still have many unanswered ques-
tions regarding their biological effect in humans, the knowledge we are gaining 
about each NNS continues to grow as well. Sucralose is now known to become 
acylated and accumulate in fat tissue. Future studies with sucralose could require 
long wash out periods, and consumers could expect a delay in biological changes 
if they removed sucralose from their diet. Aspartame holds a preferential spot 
among the major NSS’s in that it is quickly broken down when consumed so less 
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likely to have some of the deleterious effects by binding sweet receptors outside the 
oral cavity. Many NNS’s alter the gut biome, with sucralose and saccharin seeming 
particularly deleterious. Unlike aspartame, saccharin is very stable in vivo and binds 
sweet receptors in the GI tract. Sucralose on the other hand becomes acetylated and 
accumulates in fat tissue, thereby potentially posing side effects for days long than 
other NSS’s. The altered gut biome reduces satiety, causing consumption of more 
calories later. Obesity in mice has been alleviated through a fecal transplant which 
restores the gut biome [140]. This NNS induced dysbiosis also increases digestion of 
choline, needed for synthesis of VLDL which mobilizes fat from the liver. The cho-
line deficiency and decreased VLDL leads to metabolic issues such as non-alcoholic 
fatty liver disease (NAFLD) [60].

Future double-blind human studies that would benefit the field would test 
individual NNS’s to determine the causative effect of NNS consumption on:

1. Sleep quality and quantity (when consumed close to sleep)

2. Resting metabolic rate (RMR) during fasting

3. Energy expenditure (EI) during fasting

4. Autophagy during fasting

While the use of NNS’s primary goal (reduced obesity) appears discreet, the 
multiple interacting pathways involved in effecting that change make the cause 
and effect complex to disentangle (e.g. changing gut biome, leaky gut, NAFLD, 
increased appetite, decreased RMR).
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reduces cells levels of tetrahydrofolate, which is a cofactor in nucleotide synthesis. 
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(QALYs), the data does not suggest NNS’s increased cancer risk as much as other 
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While the continually growing list of NNS’s still have many unanswered ques-
tions regarding their biological effect in humans, the knowledge we are gaining 
about each NNS continues to grow as well. Sucralose is now known to become 
acylated and accumulate in fat tissue. Future studies with sucralose could require 
long wash out periods, and consumers could expect a delay in biological changes 
if they removed sucralose from their diet. Aspartame holds a preferential spot 
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calories later. Obesity in mice has been alleviated through a fecal transplant which 
restores the gut biome [140]. This NNS induced dysbiosis also increases digestion of 
choline, needed for synthesis of VLDL which mobilizes fat from the liver. The cho-
line deficiency and decreased VLDL leads to metabolic issues such as non-alcoholic 
fatty liver disease (NAFLD) [60].
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1. Sleep quality and quantity (when consumed close to sleep)

2. Resting metabolic rate (RMR) during fasting
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multiple interacting pathways involved in effecting that change make the cause 
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Abstract

Approximately 65% of patients with T2DM die as a result of cardiovascular
disease with hyperglycemia and hyperlipidemia being important risk factors for
cardiovascular diseases. Both T2DM and atherosclerosis are considered to be inflam-
matory processes Human T-lymphocytes (T-cells) and aortic endothelial cells
(HAEC) have been shown to be components of plaque formation in atherosclerosis. T
cells and HAEC are unique in that in their naive state they have no insulin receptors
responsive to insulin but become activated in vitro hyperglycemia and in vivo hyper-
glycemic conditions such as diabetic ketoacidosis and non-ketotic hyperglycemic
conditions. Our studies show that T-cells and HAEC in the presence of high concen-
trations of glucose /and or the saturated fatty acid (SFA) palmitic acid become
activated and express insulin receptors, reactive oxygen species (ROS), cytokine
elevation, and lipid peroxidation in a time and concentration-dependent manner.
Whereas, the unsaturated fatty acid α-linoleic, was not able to activate these cells and
had a salutary effect on the activation by glucose and palmitic acid. We have demon-
strated that unsaturated fatty acids (UFA) may provide a protective mechanism
against the prooxidant effects of hyperglycemia and high SFA such as palmitic acid.
Therefore, diet alternations may be beneficial for decreasing hyperglycemia and
cardiovascular risks. Studies have shown that lifestyle changes of diet and exercise
can reduce the risk of developing diabetes by 58%. Hyperglycemia and hyperlipid-
emia are important risk factors of developing diabetes and cardiovascular disease.
Therefore, we studied the effects of a High Protein diet versus a High Carbohydrate
diet in obese non-diabetic, prediabetic and diabetic subjects for effects on weight loss,
blood sugar, lipid levels, inflammation, and oxidative stress.
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1. Introduction

Greater than 65% of patients with Type 2 Diabetes Mellitus (T2DM) die as a
result of cardiovascular disease with hyperglycemia and hyperlipidemia being
important risk factors for cardiovascular diseases [1]. Studies have shown that
glucose control results in reduction in risk of microvascular complications in diabe-
tes mellitus [2]. The relationship between hyperglycemia and macrovascular com-
plications, however, is not as evident even though subjects with T2DM are two to
four times more prone to develop cardiovascular pathology than nondiabetic sub-
jects [3, 4]. Hyperglycemia is a crucial factor contributing to vascular impairment in
diabetes mellitus, obesity, and metabolic syndrome [2, 5–7]. Evidence indicates that
in hyperglycemic conditions a major contributor to development of large vessel
pathology is the endothelial dysfunction [8–10]. Studies have shown that hypergly-
cemia impairs insulin induced vasodilatory action by decreasing endothelial cells
ability to activate nitric oxide synthase-nitric oxide pathway [11]. In hyperglycemic
crisis of Diabetic Ketoacidosis (DKA) or hyperglycemic nonketotic state, where
both hyperglycemia and high fatty acids are elevated, levels of proinflammatory
cytokines and oxidative stress are stimulated [12].

Both T2DM and atherosclerosis are considered to be inflammatory processes
[13]. Human T-lymphocytes (T-cells) have been shown to be components of plaque
formation along with endothelial cells in atherosclerosis [13]. Human T-
lymphocytes have unique properties in that in their naïve state they are insulin
unresponsive but upon exposure to high glucose levels they become activated and
develop insulin receptors (INR) with emergence of insulin degrading enzyme and
insulin responsive glucose uptake [14–19]. Our studies have shown that reactive
oxygen species (ROS) along with proinflammatory cytokines such as: Tumor
Necrosis Factor α (TNF-α), Interleukin-6 (IL-6), Interleukin-1β (IL-1β) and Inter-
leukin-8 (IL-8); cardiovascular risk markers such as: PAI-1, CRP and Free Fatty
Acids (FFA); and counterregulatory hormones such as: IGF-1 and cortisol were all
elevated two to three fold above normal with hyperglycemia and returned to nor-
mal levels after resolution of hyperglycemia with treatment with insulin and
hydration [12]. Our studies have also shown in vitro effects of hyperglycemia (15
and 30 mM) on activation of T-lymphocytes by emergence of IGF-1, INR and
Vitamin D receptors and increased levels of ROS and lipid peroxidation [15–18, 20].

Human aortic endothelial cells (HAEC) are also unique in that in their native
unstimulated state of glucose of 5 mM they are insulin non-responsive, with GLUT1
as the major glucose transporting protein [21–23]; however, in the presence of high
glucose concentrations in a dose dependent manner such as 15 or 30 mM, develop
INR and GLUT 4 with glucose uptake [24]. Additionally, high glucose promotes
endothelial dysfunction via excessive intracellular glucose accumulation and oxida-
tive stress, leading to increased production proinflammatory cytokines, ROS with
induction of the aldose reductase pathway and formation of advanced glycation end
products (AGEs) as well as enhanced signaling of protein kinase C (PKC) and
mitogen-activated protein kinases (MAPK) [8, 25]. The ROS causes acceleration of
cellular growth and promotes synthesis and secretion of proinflammatory cytokines
IL-6 and IL-8 which are implicated in the pathogenesis of atherosclerosis [24, 26, 27].

2. Inflammation and oxidative stress effects of glucose and fatty acids
on human T-lymphocytes and HAEC

Since both hyperglycemia and hyperlipidemia are important contributing risk
for cardiovascular events in diabetes and deleterious effects of hyperglycemia have
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been well documented in vivo and in vitro in both T-lymphocytes and HAEC
[12, 15, 17, 19, 20, 28–30], we studied the effects of various fatty acids on these cells.
The saturated fatty acid palmitic acid, the major fatty acid in plasma, and the
monounsaturated, oleic (C18:1), polyunsaturated fatty acids, linoleic (C18:2),
omega 3 fatty acid α-linolenic (C18:3), and arachidonic (C20:4) acids were used in
1, 100 and 300 uM concentrations during incubations for 0, 24, 48, 72 and 96 hours.
These cells were incubated alone or with glucose concentrations of 5 mM, 15 mM
and 30 mM or with a combination with linolenic acid. Unsaturated fatty acids such
as linoleic, oleic, linolenic, and arachidonic acids were not able to activate these
cells. These studies showed that palmitic acid, but not oleic, linoleic, linolenic or
arachidonic acids, exhibited dose and time dependent responses of deleterious
effects of palmitic acid by demonstrating increased levels of ROS and lipid peroxi-
dation (malondialdehyde- MDA), emergence of receptors for insulin, IGF-1, IL-2,
GLUT 4, inflammatory and proinflammatory effects detected by the emergence of
interleukin (IL) cytokines IL-1B, IL-6, IL-8, IL-2, IL-10, and TNFα. and CD69 in T
lymphocytes [31]. There was also increased expression of E-selectin, GLUT 4, INR,
ROS, lipid peroxidation, inflammatory and proinflammatory effects detected by the
emergence of interleukin (IL) cytokines IL-1B, IL-6, IL-8, IL-2, IL-10, and TNFα in
the HAEC incubated with palmitic acid and/or glucose. Table 1 shows the effects of
the glucose, palmitic and linolenic incubated alone or in combination with the T
lymphocytes. The omega 3 fatty acid linolenic acid had a repressive effect on the
deleterious effects of the high glucose and palmitic acid. Table 2 shows the effects
of the glucose, palmitic and linolenic incubated alone or in combination with the
HAEC. The omega 3 fatty acid linolenic acid had a repressive effect on the deleteri-
ous effects of the high glucose and palmitic acid in the HAEC as well.

Studies have shown that dietary SFA can induce insulin resistance [32–35]. We
hypothesized that unsaturated fatty acids (UFA) may provide a protective mecha-
nism against the prooxidant effects of hyperglycemia and high SFA such as palmitic
acid. Our studies have also shown that SFA palmitic acid induces expression of
GPR40 and FATCD/36 involved in inflammation and the unsaturated fatty acid
linolenic acid can reverse the production of these receptors in aortic endothelial
cells [36].

Thus, linolenic acid may serve as a protective mechanism against the deleterious
effects of high glucose and palmitate in human T-cells and HAEC and reduce the
inflammatory process observed with high blood glucose and high saturated fatty
acid foods as observed in diabetes, prediabetes, cardiovascular disease and other
health conditions.

3. High protein and high carbohydrate diets effects on remission of
prediabetes, inflammation, oxidative stress and cardiovascular
risk factors

Lifestyle changes of diet and exercise can reduce the risk of developing diabetes
by 58% [37]; whereas, pharmaceutical intervention reduces the risk by 32% (met-
formin) [37] and 72% (pioglitazone) [38]. Hyperglycemia and hyperlipidemia are
important risk factors of developing diabetes and cardiovascular disease; however,
no diet had been established for reducing the hyperglycemia and hyperlipidemia.
Although numerous diets have been recommended for T2DM and non-diabetics
[39–43], and suggested advantages of low-carbohydrate [44, 45] or high protein
[46, 47] diets, there had been no consensus on a specific weight loss diet to manage
blood glucose in T2DM and converting from T2DM to normal glucose tolerance. We
studied the effects of macronutrients in a High Protein (HP) (30% Kcal protein,
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40% Kcal carbohydrate (CHO) and 30% Kcal fat) diet versus a High Carbohydrate
(HC) (15% Kcal protein, 55% Kcal CHO and 30% Kcal fat) diet in obese, normal
glucose tolerance premenopausal women [48] (see Table 3) and in obese predia-
betic (Impaired Glucose Tolerant (IGT)) women and men [49] (see Table 4) in
randomized, controlled clinical trials. In both studies all food was provided with
weekly food pick up with daily menus and weight checks for 6 months. Although
our study of IGT subjects [49] and obese, non-diabetic, women [48] had significant

HP (n = 12) HC (n = 12)

Parameters Baseline 6 months p* Baseline 6 months p* p**

Age 35.9 � 2.1 35.4 � 2.0 0.8981

Ethnicity
AA/C

7/5 10/2 0.3701†

BMI (kg/m2) 41.3 � 1.8 37.3 � 1.9 0.0005 37.0 � 1.5 33.5 � 1.4 0.0005 0.5512

%Weight loss 9.8 � 1.4 0.0005 9.3 � 1.6 0.0005 0.9323

HOMA IR 4.0 � 0.8 1.4 � 0.2 0.0005 3.7 � 0.4 2.3 � 0.3 0.0005 0.0033

ISI (Matsuda
Index)

2.7 � 0.5 6.7 � 0.5 0.0005 2.6 � 0.3 3.5 � 0.4 0.0005 <0.0001

Beta cell
function

4.4 � 0.4 11.8 � 2.5 0.0005 4.2 � 0.4 6.3 � 0.6 0.0005 <0.0001

Cardiovascular risk factors

TG (mg/dl) 107 � 10 81 � 2.7 0.0005 102 � 5.7 94 � 3.8 0.0117 0.0907

Free fatty
acids (mM)

0.57 � 0.03 0.45 � 0.03 0.0010 0.56 � 0.04 0.73 � 0.07 0.0342 0.0002

hCRP (mg/L) 5.9 � 0.2 3.8 � 0.4 0.0005 5.8 � 0.2 5.0 � 0.2 0.0005 0.0003

E-selectin
(ng/ml)

42.6 � 1.5 34.0 � 1.3 0.0005 43.4 � 1.3 39.7 � 1.1 0.0005 0.0007

BP
(SBP/DBP)

129/
83 � 1.5/1.3

119/
74 � 1.1/1.3

0.0005/
0.0005

128/
82 � 1.7/1.4

120/
75 � 1.7/1.0

0.0005/
0.0005

0.1029/
0.2579

Inflammation

TNFα
(pg/ml)

5.9 � 1.3 4.1 � 0.2 0.0005 6.0 � 0.2 5.1 � 0.1 0.0005 <0.0001

IL-6 (pg/ml) 6.2 � 0.2 4.9 � 0.2 0.0005 5.8 � 0.2 5.4 � 0.1 0.0005 <0.0001

Oxidative stress

DCF (μM) 3.2 � 0.1 2.4 � 0.1 0.0005 3.2 � 0.1 2.9 � 0.1 0.0005 <0.0001

MDA (μM) 1.1 � 0.06 0.7 � 0.05 0.0005 1.1 � 0.05 0.9 � 0.05 0.0005 0.0004

%
Compliance

94% �1.5% 91% � 4.8% 0.3979

Significant level for multiple comparison is set at P = 0.01.
*Indicates Wilcoxon Signed Rank Test.
**Indicates Wilcoxon Rank Sum Test for 6 months HP vs. HC.
†Fisher’s exact test.
AA/C, African American/Caucasian; BP, blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure;
TG, triglyceride; hsCRP, high sensitivity C-reactive protein; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6;
DCF, dichlorofluorescein; MDA, malondialdehyde.

Table 3.
Effect of high protein or high carbohydrate diets on weight loss, insulin sensitivity, Beta cell function, markers of
cardiovascular risk factors, inflammation and oxidative stress in obese premenopausal, non-diabetic women.
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weight loss (9–10%) on the HP or HC diets, in both studies the HP diet provided
greater improvement in insulin sensitivity, reduced CVR factors, decreased inflam-
mation and inflammatory cytokines, decreased oxidative stress, decreased lipid
peroxidation, adipokines markers and increased incretin responses [50, 51]. The HP

HP (n = 12) HC (n = 12)

Parameters Baseline 6 months p* Baseline 6 months p* p**

% Remission 100 33.3 0.001

Age 43.1 � 1.3 41.1 � 1.7 0.96

Ethnicity AA/C 10/2 9/3

Female/male 9/3 10/2

% Weight loss 9.8 � 1.4 <0.001 11.3 � 1.8 <0.001 0.692

BMI (kg/m2) 40.5 � 1.8 37.3 � 1.9 <0.001 37.4 � 1.7 33.8 � 1.6 0.002 0.391

%
LeanBMchange

2.6 � 0.4 0.002 �3.0 � 1.1 0.005 0.001

% Fat BM
change

�2.5 � 0.4 0.006 �3.5 � 0.9 0.007 0.04

Insulin sensitivity

HbA1c % 6.0 � 0.015 5.46 � 0.12 .0005 5.93 � 0.12 5.73 � 0.17 0.005 <0.0001

HOMA IR 4.79 � 0.71 1.58 � 0.38 0.0005 4.74 � 0.72 3.34 � 0.78 0.005 <0.0001

ISI (Matsuda
index)

2.3 � 0.3 6.5 � 1.1 0.0005 2.3 � 0.3 3.2 � 0.4 0.005 0.003

Cardiovascular risk factors

BP (SBP/DBP) 130/81 � 3/
2

116/72 � 2/
2

0.01/
0.01

126/
81 � 3/2

118/
74 � 3/3

0.01/
0.01

0.73/0.77

TG (mg/dl) 106.9 � 10 69.4 � 6.7 0.001 110.1 � 11 98.7 � 9.1 0.002 0.04

LDL (mg/dl) 105.9 � 4.4 82.4 � 3.4 0.0005 106.2 � 5.6 101.9 � 6.2 0.096 0.037

Cholesterol
(mg/dl)

165.3 � 5.7 151.8 � 5.3 0.0005 167.9 � 6.1 161.7 � 6.3 0.02 0.42

HDL (mg/dl) 44.9 � 1.7 46.3 � 1.4 0.10 45.8 � 2.6 46.2 � 2.5 0.69 0.85

FFA (mM) 0.74 � 0.05 0.46 � 0.04 0.0010 0.74 � 0.04 0.72 � 0.05 0.064 0.0001

hCRP (mg/L) 9.1 � 0.4 4.0 � 0.3 0.0001 8.8 � 0.3 6.4 � 0.2 0.005 0.0003

E-Selectin
(ng/ml)

53.7 � 1.5 35.0 � 1.1 0.0005 53.4 � 1.6 44.6 � 1.7 0.005 0.0005

Proinflammatory cytokines

TNF-α (pg/ml) 12.8 � 0.4 3.8 � 0.2 0.0005 12.5 � 0.4 9.6 � 0.3 0.005 <0.0001

IL-6 (pg/ml) 8.57 � 0.34 4.55 � 0.13 0.0005 8.43 � 0.22 6.8 � 0.11 0.0005 <0.0001

Oxidative stress

DCF (μM) 3.9 � 0.2 2.5 � 0.3 0.0004 4.0 � 0.1 3.2 � 0.2 0.01 <0.0001

MDA (μM) 1.5 � 0.07 0.6 � 0.04 0.0008 1.5 � 0.08 1.2 � 0.04 0.02 0.0004
*Indicates Wilcoxon Signed Rank Test for comparison of Baseline to 6 months.
**Indicates Wilcoxon Rank Sum Test for 6 months comparison of HP vs. HC.

Table 4.
Effect of HP or HC diets on remission of prediabetes, weight loss, glucose, insulin sensitivity, cardiovascular risk
factors, proinflammatory cytokines and oxidative stress.
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diet caused a smaller increase in blood glucose with the MTT compared to the HC
diet MTT in both obese, normal glucose tolerance premenopausal women (see
Figure 1) and in obese prediabetic women and men (see Figure 2), thereby,
reducing the hyperglycemia compared to that observed with a HC meal. Lipids are
considered a primary risk factor for CV disease and dietary composition can affect
the lipid profile and its metabolism. Our studies showed greater decrease in tri-
glycerides in the HP diet demonstrating that increasing the protein in the diet may
alter the lipid profile in a beneficial way.

Also, the HP diet subjects had an increase in percent body muscle mass and
decrease in percent fat mass at 6 months, whereas, the HC diet subjects had a
decrease in percent lean and fat mass. Additionally, the HP group had an increase in
their resting metabolic rate (RMR) at 6 months, and an increase in the FGF21 which
may be indicative of browning of fat [52, 53]. Epigenetic DNA methylation data
showed a change in the methylation with remission of prediabetes in the areas of
metabolism, cancer and heart related genes [54, 55].

It has been shown that protein intake by itself induces insulin release and is
different in diabetic and non-diabetic individuals [56]. Our study showed a lower
insulin response to the HP than the HC diet in both studies. This suggests that HP

Figure 1.
Obese premenopausal non-diabetic women mean glucose values for the OGTT and MTT from 0 to 120 minutes
for the baseline-HP, baseline-HC, 6 months-HP, and 6 months-HC diets for the 12 HP subjects and
the 12 HC subjects. P values are the significance of area under the curve for glucose for the OGTT and MTT
comparing baseline-HP with 6 month-HP, baseline-HC with 6 month-HC, baseline-HP with baseline-HC,
and 6 month-HP with 6 month-HC diets.

Figure 2.
This figure shows the mean � SD of glucose for the 2 hour OGTT and MTT for the 12 HP diet subjects and the
12 HC diet subjects. The symbols represent the following: HP diet baseline (HP-Bl) and HP diet at
6 months (HP-6 m) dotted lines. HC diet baseline (HC-Bl) and HC diet at 6 months (HC-6 m) solid
lines. P values for the glucose AUC for the OGTT are: HP-Bl vs. HP-6 m = 0.0005; HC-Bl vs. HC-6 m = 0.005;
HP-Bl vs. HC-Bl = 0.8; HP-6 m vs. HC-6 m = 0.0001. P values for the glucose AUC for the MTT are: HP-Bl vs.
HP-6 m = 0.0005; HC-Bl vs. HC-6 m = 0.005; HP-Bl vs. HC-Bl = 0.01, HP-6 m vs. HC-6 m = 0.0001. AUC,
area under the curve; HP, High Protein diet; HC, High Carbohydrate diet.
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diets may help preserve the Beta cells by increasing sensitivity and decreasing
insulin load per meal. Our studies on the incretin response to HP and HC diets
showed an increased release in GLP-1 and GIP with the HP diet compared to the HC
diet [57]. Treatment of T2DM subjects with GLP-1 receptor agonists and DPP-4
inhibitors have been found to improve insulin sensitivity [58, 59]. This suggests that
our HP diet may be beneficial in treating T2DM and have cardiovascular benefits.

This prompted us to study the effect of the HP and HC diets on remission of
T2DM. Our current randomized clinical trial of Remission of Type 2 Diabetes to
normal glucose tolerance (NGT) comparing a HP diet to a HC diet has demon-
strated a 100% remission of Type 2 Diabetic subjects to normal glucose tolerance
who were diagnosed with the past 2 years and were randomized to the HP diet for
6 months.

However, the HC diet was not very effective with only one subject having
remission to normal glucose tolerance. T2D adults aged 20–65 years were random-
ized to a HP or HC diet for 6 months with all food provided. Caloric need for weight
loss was determined by Resting Metabolic Rate (RMR) -500 calories/day. Oral
Glucose Tolerance Tests (OGTT) were performed at Baseline and 6 months to
determine T2D/NGT status. A Baseline glucose ≥126 mg/dl and HbA1c ≥ 6.5% and
2 hr. glucose >199 mg/dl was considered T2D and remission was a baseline glucose
<126 mg/ml and HbA1c < 6.5% and 2 hr. glucose <140 mg/dl. DXA was done at
baseline and 6 months to determine bone, lean and fat mass. Food pick up and
menus were provided weekly for 6 months along with and weekly weight checks.
The T2D subjects on HP diet had 100% remission to NGT while the HC diet subjects
had 33% remission. Both diet groups had significant weight loss (HP =15.4 � 5 lb.,
HC = 19.9 � 5 lb), improvement in insulin sensitivity determined by HOMA IR [HP
(BL 5.3 � 0.29; 6 months 2.1 � 0.13)], [HC (BL 5.2 � 0.27; 6 months 4.4 � 0.26)]
and decrease in HbA1c [HP (BL 7.7� .05; 6 mo 5.6� .02)], [HC (BL 7.8� .04; 6 mo
6.6 � .06)] and blood pressure improvement S/D [HP (BL 129/85, 6 months 117/
78)], [HC (BL 130/85; 6 months 117/78)]. The HP group had a 2.7%� 0.4% increase
in lean body mass and 2.9 � 0.4% decrease in fat mass while the HC group had a
1.9% � 0.3 and 3.3 � 0.9% decrease in lean and fat mass, respectively. The HP diet
provided greater improvement in insulin sensitivity, reduced CVR factors,
decreased inflammation and inflammatory cytokines, decreased oxidative stress,
decreased lipid peroxidation, adipokines markers and increased incretin responses
than the HC diet. Both diets resulted in weight loss, improvement in glucose toler-
ance and insulin sensitivity but only the HP diet produced 100% remission of T2D
to NGT [60].

4. Discussion

High glucose levels initiates inflammatory markers, ROS and hyperglycemia
induced pathways in both T lymphocytes and HAEC. Hyperglycemia induced
pathways of endothelial damage can activate ERK1/2MAPK cascade via PKC or
Advanced Glycation End (AGE) products [4, 25]. High glucose can induce forma-
tion of AGE products which are proteins or lipids which become glycated due to
exposure to glucose. These AGE products are implicated in aging and many degen-
erative diseases such as diabetes, atherosclerosis, kidney disease and possibly
Alzheimer’s disease [61–67]. The glycation of various protein and lipids causes
improper function of these molecules, for example, inactivation of anti-aging genes
critical to prevent hyperglycemia and hyperlipidemia induced inflammation
[68, 69]. We have shown that with remission of prediabetes and better glucose
control numerous genes have changes in DNA methylation affecting gene
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expression and translation of which any of these genes are involved in insulin
signaling, cardiovascular disease and inflammation [55]. The effects of hyperglyce-
mia and hyperlipidemia we have shown on the T-lymphocytes will affect the
immune system and its function as well as the endothelial cells involved in cardio-
vascular function. The decrease in inflammation with the decrease in blood glucose
and lipids in subjects with the HP diet correlates with the effects of glucose and
fatty acids on inflammation and oxidative stress we observed in the in vitro studies
of the T-lymphocytes and aortic endothelial cells. This demonstrates the effects of
the high glucose and lipids on cells and the whole body. Thus, indicating the
importance of good glucose control in diabetic subjects as well as prediabetic and
normal subjects to prevent the inflammatory response. Figure 3 is a diagram of the
effects of high glucose on cells and tissues which can be controlled with normal
glucose and free fatty acids.

Our previous studies of subjects with Adult Respiratory Distress Syndrome
(ARDS) showed the high levels of inflammatory markers. [70, 71]. Reports from
the CDC show the deleterious effects COVID-19 has on diabetic subjects
indicating that the combined inflammation of the virus plus the high
inflammatory markers in diabetic subjects is very detrimental to the subjects. Thus,
good glucose control could help decrease the high inflammatory markers observed
with the COVID-19.

5. Conclusions

Approximately 65% of patients with T2DM die as a result of cardiovascular
disease with hyperglycemia and hyperlipidemia being important risk factors for
cardiovascular diseases. Both Type 2 diabetes (T2DM) and atherosclerosis are con-
sidered to be inflammatory processes. Human T-lymphocytes (T-cells) and Human
Aortic Endothelial cells (HAEC) have been shown to be components of plaque
formation in atherosclerosis. T cells and HAEC are unique in that in their naive state
they have no insulin receptors responsive to insulin but become activated in the
presence of in vitro and in situ hyperglycemic conditions such as diabetic and/or
hyperlipidemia of saturated fatty acids (SFA). The unsaturated fatty acid (UFA) α-
linolenic acid partially inhibits the activation of T cells induced by either glucose or
SFA palmitate alone or in combination. Thus, linolenic acid may serve as a

Figure 3.
This figure shows the relationship and effects of high glucose and lipids (dyslipidemia) on inflammation,
cardiovascular disease, insulin resistance, diabetes mellitus and metabolic syndrome.
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protective mechanism against the deleterious effects of high glucose and SFAs in
human T-cells and reduce the inflammatory process observed with high blood
glucose and high saturated fatty acid foods.

A diet which causes a lower blood glucose and lipids after ingestion is beneficial
in controlling glucose and lipids as we have shown with the High Protein Diet. The
HP diet resulted in 100% remission of pre-diabetes to normal glucose tolerance
while the HC diet resulted in only 33% remission. These results show that high
efficacy can be achieved with dietary modification if parameters are rigorously
controlled and monitored. The HP group had greater improvement in insulin sensi-
tivity, greater reduction in CVR factors, oxidative stress (ROS) and inflammation
than the HC diet group. The HP diet prediabetes group percent lean body mass
(LM) increased while percent body FM was decreased; whereas, the HC diet group
lost both percent LM and FM. Since all subjects were minimally physically active
and there was no physical activity modification during the 6 months on the diets,
we were able to study the direct effect of the HP versus HC diets. The HC group
sustained higher glucose and insulin levels with both the OGTTs and MTTs com-
pared with the HP diet group after 6 months on the diet. The greater insulin
response with the HC diet likely equates to greater stress on β cells. The higher
sustained glucose elevation with ingestion of glucose or higher glycemic foods as in
the HC diet correlates with increased oxidative stress and inflammation in the HC
group compared with the HP group. Antioxidant enzymes induced by repeated
intake of excess energy in the form of high-fat, HC diets are not sufficient to block
oxidative stress and inflammation in healthy human subjects [72]. Thus, the fact
that our HP diet had a significantly greater reduction in blood glucose, free fatty
acids, ROS and inflammation markers than the HC diet in prediabetes and normal
subjects demonstrates the importance of maintaining good glucose control and is of
great health importance.
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Chapter 6

Gain or Loss? The Effect of Ad 
Framing on the Intention to 
Control Sugar Intake
Kang Li

Abstract

Health authorities have pointed out that high sugar intake can cause many health 
problems. The aim of this research is to examine the effectiveness of ad framing 
(gain vs. loss vs. neither gain nor loss) on persuading people to control their sugar 
intake. The results of an online experiment showed that both gain and loss frame 
were more effective than the neutral frame. Gain frame was the most effective one 
to persuade people to lower sugar intake. Moreover, individual difference of regula-
tory focus moderated the effect of ad framing (gain vs. loss). In addition, process-
ing fluency mediated the effects of ad framing (gain vs. neutral/loss vs. neutral) on 
people’s intention to limit sugar intake. Contributions and implications to advertis-
ing on sugar control are discussed.

Keywords: ad framing, gain vs. loss vs. neither gain nor loss framing, regulatory focus, 
regulatory focus theory, processing fluency, structural equation modeling (SEM)

1. Introduction

High sugar consumption is becoming a serious problem that threats public 
health in many countries. Excessive sugar intake can cause a series of health conse-
quences, such as tooth decay, obesity, diabetes, and heart diseases [1]. These health 
problems greatly increase the expenditure on healthcare. In the United States, one 
trillion dollars are spent on healthcare each year due to the national addiction to 
sugar [2].

The World Health Organization (WHO) is urging people to reduce the amount 
of sugar they eat, suggesting restriction of added sugar to less than 5% of one’s 
dietary intake [3]. However, it is not easy for people to control sugar intake because 
sugar is added to so many foods in the market [3]. Given the reality of added sugar 
in the market, WHO suggests that people should change eating behaviors, rather 
than waiting for the reformulation of products [3]. Thus, it is urgent to develop 
effective messages to persuade people to reduce their sugar consumptions.

This study aimed at examining the effectiveness of advertising on people’s 
intention to limit sugar intake. Specifically, three types of message framing were 
investigated in this study: gain-framed ads, loss-framed ads, neither gain- nor  
loss-framed ads.

Gain vs. loss frame is a common approach in health message design (e.g., 
[4, 5]). Gain frame usually emphasizes the positive results if an individual adopts 



81

Chapter 6

Gain or Loss? The Effect of Ad 
Framing on the Intention to 
Control Sugar Intake
Kang Li

Abstract

Health authorities have pointed out that high sugar intake can cause many health 
problems. The aim of this research is to examine the effectiveness of ad framing 
(gain vs. loss vs. neither gain nor loss) on persuading people to control their sugar 
intake. The results of an online experiment showed that both gain and loss frame 
were more effective than the neutral frame. Gain frame was the most effective one 
to persuade people to lower sugar intake. Moreover, individual difference of regula-
tory focus moderated the effect of ad framing (gain vs. loss). In addition, process-
ing fluency mediated the effects of ad framing (gain vs. neutral/loss vs. neutral) on 
people’s intention to limit sugar intake. Contributions and implications to advertis-
ing on sugar control are discussed.

Keywords: ad framing, gain vs. loss vs. neither gain nor loss framing, regulatory focus, 
regulatory focus theory, processing fluency, structural equation modeling (SEM)

1. Introduction

High sugar consumption is becoming a serious problem that threats public 
health in many countries. Excessive sugar intake can cause a series of health conse-
quences, such as tooth decay, obesity, diabetes, and heart diseases [1]. These health 
problems greatly increase the expenditure on healthcare. In the United States, one 
trillion dollars are spent on healthcare each year due to the national addiction to 
sugar [2].

The World Health Organization (WHO) is urging people to reduce the amount 
of sugar they eat, suggesting restriction of added sugar to less than 5% of one’s 
dietary intake [3]. However, it is not easy for people to control sugar intake because 
sugar is added to so many foods in the market [3]. Given the reality of added sugar 
in the market, WHO suggests that people should change eating behaviors, rather 
than waiting for the reformulation of products [3]. Thus, it is urgent to develop 
effective messages to persuade people to reduce their sugar consumptions.

This study aimed at examining the effectiveness of advertising on people’s 
intention to limit sugar intake. Specifically, three types of message framing were 
investigated in this study: gain-framed ads, loss-framed ads, neither gain- nor  
loss-framed ads.

Gain vs. loss frame is a common approach in health message design (e.g., 
[4, 5]). Gain frame usually emphasizes the positive results if an individual adopts 



Sugar Intake - Risks and Benefits and the Global Diabetes Epidemic

82

a recommended behavior, while loss frame stresses the negative consequences if 
someone does not adopt a recommended behavior. A large amount of research in 
health communication has suggested that gain vs. loss frame can influence people’s 
preferences of whether or not to adopt a health behavior. However, most health-
related research focuses on behaviors related to smoking, drinking, or fitness; little 
research investigates the impacts of gain vs. loss framing on changing behaviors 
regarding sugar intake. One contribution of the current study is to fill this gap by 
applying message framing in the advertising of limited sugar intake and examining 
the effects of gain vs. loss framing in this specific health context.

Moreover, neutral framing (neither gain- nor loss-framing) has been seldom 
examined in the previous research. The current research included neutral framing 
that only presented the neutral information about sugar but emphasized neither 
loss nor gain in order to fully examine the effects of message framing.

Although the effects of message framing (gain vs. loss) on people’s health 
behaviors has been found in many studies, meta-analyses (e.g., [6–10]) have shown 
that gain- and loss-framed messages do not have meaningful different effects on 
message persuasiveness. According to the results of meta-analyses, researchers have 
suggested that the studies of gain vs. loss framing should be focused on potential 
moderators that lead to meaningful framing differences [5, 7, 11]. Following this 
suggestion, the current study specifically investigated the moderation effects of 
regulatory focus on gain- vs. loss-framing.

According to regulatory focus theory [12, 13], people mainly adopt two self-
regulatory orientations: promotion focus and prevention focus. Promotion focus 
is based on hopes and aspirations; prevention focus is motivated by security and 
safety emphasizes. Research showed that positively framed promotion-focused 
messages were more effective for people with a promotion focus, while negatively 
framed prevention-focused messages were more persuasive for people with a 
prevention focus (e.g., [14, 15]). This is most likely because people may experience 
regulatory fit when a message matches their regulatory focus orientation, which 
in turn leads them to “feel right” and then process the message more fluently (i.e., 
more easily) [14, 16]. The enhanced processing fluency (i.e., the ease of processing 
the information) further results in better persuasiveness of the message [14].

Therefore, processing fluency may play a mediator role in the interaction 
effect of message framing and regulatory focus on people’s behavioral intention. 
Nevertheless, little research investigated the abovementioned relationship. Hence, 
another expected contribution of this study was to fill the research gaps by examin-
ing a mediated moderation relationship between regulatory focus and processing 
fluency in influencing the effectiveness of gain- vs. loss-framing in the context of 
promoting less sugar intake.

2. Literature review and theoretical framework

2.1 Gain vs. loss framing on health issues

Health professionals often attempt to maximize the impact of a health message 
on people’s attitudes and behaviors by framing the message in different ways [17]. 
Gain-framed health information stresses the benefits of taking a health action, while 
loss-framed information emphasizes the costs of failing to engage in that action. It 
is necessary to note that a gain-framed message can stress the benefits by presenting 
either positive results that will happen or negative consequences that will not hap-
pen, whereas a loss-framed message can present either negative consequences that 
will happen or positive results that will not happen to address the costs [17].
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Rothman et al. suggested that, based on the conceptualization of prospect 
theory, the impact of a given frame on a behavior depends on whether the behavior 
is perceived as a risk-seeking or a risk-averse course of action [17]. They further 
proposed that people consider a behavior as safe or risky depending on how they 
perceive the extent to which that behavior will cause an unpleasant outcome. For 
example, a detection behavior of getting a mammogram can be seen as risky (i.e., a 
risk-seeking behavior) because it is possible to discover breast cancer; a prevention 
behavior of using sunscreen is relatively safe or low risk (i.e., a risk-averse behav-
ior) because the purpose is to prevent an unpleasant outcome of skin cancer and 
maintain current health.

Consistent with this viewpoint, Rothman et al. argued that loss framing is more 
persuasive in promoting disease detection behaviors that involve perceived risk 
of unpleasant outcomes, whereas gain framing is more persuasive in promoting 
prevention behaviors that have little risk of bad outcomes [17]. This argument has 
been supported by a plethora of research (e.g., [18–24]).

Since lower sugar intake can be considered a preventative behavior with little 
risk of bad consequences, gain framing may be more persuasive than loss framing in 
convincing people to adopt the recommendation to limit sugar intake. In the present 
study, a control condition of neither gain nor loss framing was added to further 
examine the effects of message framing; however, little literature provides informa-
tion about the different effects among three types of framing (i.e., gain, loss, and 
neither gain nor loss in this study). Hence, the following hypothesis is proposed for 
testing and a research question is raised for exploring:

H1: Gain-framed ads lead to greater intention to limit sugar intake than loss-
framed ads.

RQ1: Will ads that are neither gain nor loss framed lead to different intent to 
reduce sugar intake than ads that are gain and loss framed (i.e., will the effect of 
neutral framing on sugar-reduction intention be different than the effects of gain or 
loss framing)?

2.2 The moderator role of regulatory focus

Previous research has identified regulatory focus is a moderator of gain and 
loss frames [14]. Higgins developed regulatory focus theory and posited that when 
people pursue certain goals, they self-regulate their behaviors according to their 
regulatory orientations [12]. Two kinds of regulatory orientations were proposed 
by Higgin: Promotion focus and prevention focus [12]. People with promotion focus 
tend to take actions that advance desired results, while people with prevention focus 
are more likely to adopt actions that avoid undesired results.

The promotion orientation is associated with aspirations and advancement, 
while the prevention orientation is associated with responsibilities and safety [25]. 
Thus, promotion-focused people tend to approach pleasure and positive outcomes; 
prevention-focused people tend to avoid pain and negative outcomes [12]. Cesario, 
Higgins, and Scholer claimed that promotion focus and prevention focus are pres-
ent in every individual to some degree because both nurturance and security are 
necessary survival needs [26]. However, people may have a predominant focus due 
to chronic individual differences, and additionally, situational features can momen-
tarily activate one focus or the other [26].

Regulatory focus theory also posits that there are different goal-pursuit strate-
gies for each system [25]. It distinguishes between eager means and vigilant means 
[25, 26]. Eager strategic means are associated with ensuring the presence of positive 
outcomes or against the absence of positive outcomes; therefore, this is a natural 
approach for promotion focus self-regulation, which concerns advancement and 



Sugar Intake - Risks and Benefits and the Global Diabetes Epidemic

82

a recommended behavior, while loss frame stresses the negative consequences if 
someone does not adopt a recommended behavior. A large amount of research in 
health communication has suggested that gain vs. loss frame can influence people’s 
preferences of whether or not to adopt a health behavior. However, most health-
related research focuses on behaviors related to smoking, drinking, or fitness; little 
research investigates the impacts of gain vs. loss framing on changing behaviors 
regarding sugar intake. One contribution of the current study is to fill this gap by 
applying message framing in the advertising of limited sugar intake and examining 
the effects of gain vs. loss framing in this specific health context.

Moreover, neutral framing (neither gain- nor loss-framing) has been seldom 
examined in the previous research. The current research included neutral framing 
that only presented the neutral information about sugar but emphasized neither 
loss nor gain in order to fully examine the effects of message framing.

Although the effects of message framing (gain vs. loss) on people’s health 
behaviors has been found in many studies, meta-analyses (e.g., [6–10]) have shown 
that gain- and loss-framed messages do not have meaningful different effects on 
message persuasiveness. According to the results of meta-analyses, researchers have 
suggested that the studies of gain vs. loss framing should be focused on potential 
moderators that lead to meaningful framing differences [5, 7, 11]. Following this 
suggestion, the current study specifically investigated the moderation effects of 
regulatory focus on gain- vs. loss-framing.

According to regulatory focus theory [12, 13], people mainly adopt two self-
regulatory orientations: promotion focus and prevention focus. Promotion focus 
is based on hopes and aspirations; prevention focus is motivated by security and 
safety emphasizes. Research showed that positively framed promotion-focused 
messages were more effective for people with a promotion focus, while negatively 
framed prevention-focused messages were more persuasive for people with a 
prevention focus (e.g., [14, 15]). This is most likely because people may experience 
regulatory fit when a message matches their regulatory focus orientation, which 
in turn leads them to “feel right” and then process the message more fluently (i.e., 
more easily) [14, 16]. The enhanced processing fluency (i.e., the ease of processing 
the information) further results in better persuasiveness of the message [14].

Therefore, processing fluency may play a mediator role in the interaction 
effect of message framing and regulatory focus on people’s behavioral intention. 
Nevertheless, little research investigated the abovementioned relationship. Hence, 
another expected contribution of this study was to fill the research gaps by examin-
ing a mediated moderation relationship between regulatory focus and processing 
fluency in influencing the effectiveness of gain- vs. loss-framing in the context of 
promoting less sugar intake.

2. Literature review and theoretical framework

2.1 Gain vs. loss framing on health issues

Health professionals often attempt to maximize the impact of a health message 
on people’s attitudes and behaviors by framing the message in different ways [17]. 
Gain-framed health information stresses the benefits of taking a health action, while 
loss-framed information emphasizes the costs of failing to engage in that action. It 
is necessary to note that a gain-framed message can stress the benefits by presenting 
either positive results that will happen or negative consequences that will not hap-
pen, whereas a loss-framed message can present either negative consequences that 
will happen or positive results that will not happen to address the costs [17].

83

Gain or Loss? The Effect of Ad Framing on the Intention to Control Sugar Intake
DOI: http://dx.doi.org/10.5772/intechopen.95779

Rothman et al. suggested that, based on the conceptualization of prospect 
theory, the impact of a given frame on a behavior depends on whether the behavior 
is perceived as a risk-seeking or a risk-averse course of action [17]. They further 
proposed that people consider a behavior as safe or risky depending on how they 
perceive the extent to which that behavior will cause an unpleasant outcome. For 
example, a detection behavior of getting a mammogram can be seen as risky (i.e., a 
risk-seeking behavior) because it is possible to discover breast cancer; a prevention 
behavior of using sunscreen is relatively safe or low risk (i.e., a risk-averse behav-
ior) because the purpose is to prevent an unpleasant outcome of skin cancer and 
maintain current health.

Consistent with this viewpoint, Rothman et al. argued that loss framing is more 
persuasive in promoting disease detection behaviors that involve perceived risk 
of unpleasant outcomes, whereas gain framing is more persuasive in promoting 
prevention behaviors that have little risk of bad outcomes [17]. This argument has 
been supported by a plethora of research (e.g., [18–24]).

Since lower sugar intake can be considered a preventative behavior with little 
risk of bad consequences, gain framing may be more persuasive than loss framing in 
convincing people to adopt the recommendation to limit sugar intake. In the present 
study, a control condition of neither gain nor loss framing was added to further 
examine the effects of message framing; however, little literature provides informa-
tion about the different effects among three types of framing (i.e., gain, loss, and 
neither gain nor loss in this study). Hence, the following hypothesis is proposed for 
testing and a research question is raised for exploring:

H1: Gain-framed ads lead to greater intention to limit sugar intake than loss-
framed ads.

RQ1: Will ads that are neither gain nor loss framed lead to different intent to 
reduce sugar intake than ads that are gain and loss framed (i.e., will the effect of 
neutral framing on sugar-reduction intention be different than the effects of gain or 
loss framing)?

2.2 The moderator role of regulatory focus

Previous research has identified regulatory focus is a moderator of gain and 
loss frames [14]. Higgins developed regulatory focus theory and posited that when 
people pursue certain goals, they self-regulate their behaviors according to their 
regulatory orientations [12]. Two kinds of regulatory orientations were proposed 
by Higgin: Promotion focus and prevention focus [12]. People with promotion focus 
tend to take actions that advance desired results, while people with prevention focus 
are more likely to adopt actions that avoid undesired results.

The promotion orientation is associated with aspirations and advancement, 
while the prevention orientation is associated with responsibilities and safety [25]. 
Thus, promotion-focused people tend to approach pleasure and positive outcomes; 
prevention-focused people tend to avoid pain and negative outcomes [12]. Cesario, 
Higgins, and Scholer claimed that promotion focus and prevention focus are pres-
ent in every individual to some degree because both nurturance and security are 
necessary survival needs [26]. However, people may have a predominant focus due 
to chronic individual differences, and additionally, situational features can momen-
tarily activate one focus or the other [26].

Regulatory focus theory also posits that there are different goal-pursuit strate-
gies for each system [25]. It distinguishes between eager means and vigilant means 
[25, 26]. Eager strategic means are associated with ensuring the presence of positive 
outcomes or against the absence of positive outcomes; therefore, this is a natural 
approach for promotion focus self-regulation, which concerns advancement and 
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accomplishment [25]. In contrast, vigilance strategies ensure the absence of nega-
tive consequences or against the presence of negative consequences; accordingly, 
this is a natural means for prevention focus self-regulation, which concerns safety 
and responsibility [25]. This can be illustrated with an example of two students with 
different regulatory orientations. When they want to achieve the same goal of get-
ting a decent grade in a course, the student with a promotion-focus orientation may 
read extra materials beyond the required readings (i.e., an eager means) to attain a 
good score, whereas the student with a prevention-focus orientation may make sure 
to fulfill all course requirements (i.e., a vigilant means) to attain a decent grade.

Higgins argued that there is a natural fit between eager means (e.g., making sure 
everything goes right) and promotion-focus orientation; and there is a natural fit 
between vigilance means (e.g., making sure nothing goes wrong) and prevention-
focus orientation [27]. The value from fit is that regulatory fit experienced by a 
person can increase the value of what he/she is doing [27].

When a persuasive message is designed in a way that matches audiences’ regula-
tory focus, the audiences will feel right about the conveyed information, and regu-
latory fit emerges [14, 28]. Cesario et al. summarized that there are two main effects 
when people experience regulatory fit: First, people feel right about what they are 
doing during the process of goal pursuit; second, the strength of their engagement 
in the activity of goal pursuit can be enhanced [26].

Based upon the examination of 202 studies in a variety of topics over 13 years 
(1998–2010), a recent meta-analyzed study conducted by Grewal et al. also found 
that fit match is a way to create regulatory fit [29]. According to the discussion 
regarding fit match [29], gain-framed and loss-framed messages separately match 
people’s promotion regulatory focus and prevention focus, which in turn can create 
regulatory fit and lead people to feel right about the message. This feeling will be 
further transferred into the evaluation of the message and increase the message 
persuasiveness [30]. Hence, from another perspective, regulatory focus moderates 
the persuasive effect of message framing. That is, gain- and loss-framed messages 
have different persuasiveness under different circumstances of regulatory focus. 
Therefore, the following hypotheses are proposed:

H2a: For promotion-focused individuals, gain-framed ads lead to greater inten-
tions to limit sugar intake than loss-framed ads.

H2b: For prevention-focused individuals, loss-framed ads lead to greater inten-
tions to limit sugar intake than gain-framed ads.

2.3 The mediator role of processing fluency

It should be noted that the moderating effects of regulatory focus on the persua-
siveness of framing may be mediated by processing fluency. A great deal of research 
has examined the impact of fluency [14]. Processing fluency refers to the extent 
of ease of processing a piece of information [14]. In previous research, processing 
fluency is often measured by reaction time or by subjective assessment of how easy/
difficult to process the information [29].

Lee and Aaker [14] summarized that research has been using various stimuli 
across a variety of settings to promote processing fluency, such as prior exposure 
(e.g., [31]), expectancy (e.g., [32]), or enhanced visual clarity (e.g., [33]). It also has 
been suggested that process fluency can be enhanced by regulatory fit [14, 16, 34]. 
The reason is that compared to a message that is regulatory nonfit, people can 
process the message that fits their regulatory focus more easily [16]. It also can 
be explained as when the information is consistent rather than inconsistent with 
the way people naturally think when they face issues involving both positive and 
 negative outcomes, the information might be easier to process [14].
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It has been suggested that processing fluency results in enhanced affective judg-
ment [14]. People may have more favorable attitudes toward a message when they 
can process that message fluently [35]. Once processing fluency is enhanced, people 
will evaluate the message more positively, so that it will be much easier to persuade 
them [14, 16].

Based on the above discussion, gain and loss framing separately fits people’s 
promotion- and prevention-focused orientation. Compared to regulatory nonfit, 
the regulatory fit may enhance processing fluency, and further increase the mes-
sage persuasiveness. Thus, in the context of persuading people to lower their sugar 
intake, the following hypotheses are generated:

H3a: For promotion-focused individuals, gain-framed ads lead to greater 
processing fluency than loss-framed ads.

H3b: For prevention-focused individuals, loss-framed ads lead to greater 
processing fluency than gain-framed ads.

H4: Processing fluency mediates the interaction effects between ads’ gain vs. loss 
framing and individuals’ regulatory focus on intentions to limit sugar intake.

Since there is no literature comparing the effects of regulatory fit and processing 
fluency on all three types of framing (gain, loss, neither gain nor loss), the related 
research question is proposed to compare these effects:

RQ2: Does regulatory focus moderate three types of framing (gain, loss, neither 
gain nor loss) differently via processing fluency in changing people’s intention to 
limit sugar intake?

Based on all the hypotheses and research questions, a hypothesized model is also 
proposed and tested in the present study (see Figure 1).

3. Method

3.1 Participants and procedures

This study employed a three (message framing: gain vs. loss vs. neither gain 
nor loss framing) × two (regulatory focus: promotion focus vs. prevention focus) 
between-subjects online experiment design. In the experiment, the participants 
completed an online survey, which contained a presentation of stimuli (six ads). 
The questionnaire was built and distributed via an online survey tool, Qualtrics.

The subjects were paid and recruited via an online recruiting system Amazon 
Mechanical Turk (MTurk). In total, there were 1,104 people who resided in the 

Figure 1. 
Hypothesized model.
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US participated in this study. About 49% of them were female and 51% were male 
(544 vs. 558). They aged 18 to 74 years, with a mean age of 36.26 years (SD = 12.72). 
Most participants (70%) were white.

After the participants agreed with a digital consent form, they were directed to 
the online survey. The participants were randomly assigned into three experimental 
conditions (gain vs. loss vs. neither gain nor loss framing). They first answered 
a number of questions about their sugar-eating habits, regulatory focus orienta-
tions, and risk perceptions of excessive sugar consumption. Then they viewed an 
ad stimulus and responded to a following questionnaire to answer their processing 
fluency of viewing the ads, behavioral intention to limit sugar-eating, and demo-
graphic information.

3.2 Stimuli and measures

Six ads were designed for three experimental conditions (gain vs. loss vs. neither 
gain nor loss framing). Two ads were created for each condition in order to increase 
the external validity of the experiment: one was mainly designed by using argu-
ments; the other one was designed by telling a personal story. All ads presented both 
images (e.g., a background picture with a variety of sweet snacks and beverages) 
and text.

The ads in the gain-framing conditions addressed the benefits of lowering 
sugar intake (e.g., lose weight, look younger, improve health), while the ads in 
the loss-framing conditions stressed the negative consequences of continuing a 
high-sugar diet (e.g., gain weight, look older, get diseases). In the control condi-
tions of neither gain nor loss framing, the ads just kept neutral statements by just 
addressing that Americans eat too much sugar in their daily life and burning the 
extra calories gained from high sugar intake needs a large amount of exercise. 
Manipulation check was conducted, and the results showed that the stimuli ads 
were appropriate.

The measures of the main variables (i.e., behavioral intention, processing 
fluency, regulatory focus) were all drawn from the previous literature. Two control 
variables (i.e., sugar-eating habit, risk perception) were measured by self-created 
questions.

4. Results

Structural Equation Modeling (SEM) was used to explore the research ques-
tions and test the hypotheses and the model. Mplus 7 software [36] was employed 
to conduct the analysis. Since ad framing (gain vs. loss vs. neither gain nor loss) 
was a variable that had three categories, it was dummy coded into three variables 
in order to avoid having the analysis treat it as a continuous variable. Gain fram-
ing was first selected to be the reference group, so that the results could show the 
difference between gain and loss framing, as well as the difference between gain 
and neither gain nor loss framing. Then loss framing was chosen as the reference 
group for the analysis in order to compare the difference between loss framing and 
neither gain nor loss framing. The results showed that the model fit the data well, χ2 
(18) = 32.872, p < .05; CFI = .995; TLI = .991; RMSEA = .027.

The results of the direct effects of ad framing (gain vs. loss vs. neither gain nor 
loss) on behavioral intention showed that gain framing is significantly more effec-
tive than loss framing in leading to greater intention to limit sugar intake, γ = −.09, 
p < .05. Therefore, Hypothesis 1 was supported.
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For the Research Question 1, the results showed that gain framing was not only 
more effective than loss framing but was also significantly more effective than 
neither gain nor loss framing in changing behavioral intention, γ = −.16, p < .001. 
Moreover, loss framing was also significantly more effective than neither gain nor 
loss framing in changing behavioral intention, γ = −.07, p < .05.

Individuals’ regulatory focus (prevention vs. promotion) was found to moder-
ate the effect of ad framing (gain vs. loss) on behavioral intention, γ = .12, p < .01. 
Specifically, for promotion-focused individuals, gain framing was more effective 
to lead to greater intentions to limit sugar intake than loss framing; for prevention-
focused individuals, loss framing was more effective than gain framing. Thus, both 
Hypotheses 2a and 2b were supported.

The results showed that there was no interaction effect between ad framing 
(gain vs. loss) and regulatory focus on processing fluency (γ = .02, p = .49). Thus, 
the data were not consistent with Hypotheses 3a and 3b. This finding also indicated 
that there was no moderated mediation among these three variables. Moreover, 
the indirect effect of the above tested interaction on behavioral intention through 
processing fluency was also not significant (γ = .01, p = .60), which confirmed 
that there were no moderated mediation effects among ad framing (gain vs. loss), 
regulatory focus, and processing fluency on behavioral intention. Thus, the data 
were also not consistent with Hypothesis 4.

For Research Question 2, the results showed that the interaction effects between 
other types of ad framing and regulatory focus on behavioral intention were also 
not significantly mediated by processing fluency. That is, there were no moderated 
mediation effects among the tested ad framing, regulatory focus, and processing 
fluency on behavioral intention.

However, based on the results of SEM analysis, it was found several additional 
findings. First, the results showed that regulatory focus not only had a significantly 
direct effect on behavioral intention to limit sugar intake (γ = −.20, p < .001), but 
also had a significantly effect on processing fluency, γ = −.18, p < .01. Promotion-
focused individuals processed the ads more fluently and had greater intentions to 
limit sugar intake than prevention-focused individuals.

Figure 2. 
Final model (ad framing: Gain vs. loss). Note: 1. χ2 (18) = 32.872, p < .05; CFI = .995; TLI = .991; 
RMSEA = .027. 2. The model was evaluated by using gain framing as the reference group. 3. * indicates p < .05, 
** indicates p < .01, *** indicates p < .001. 4. Dotted line indicates the effect is not statistically significant at 95% 
level of confidence. 5. The indirect effect of regulatory focus on behavioral intention through processing fluency 
is −.04, p < .01.



Sugar Intake - Risks and Benefits and the Global Diabetes Epidemic

86

US participated in this study. About 49% of them were female and 51% were male 
(544 vs. 558). They aged 18 to 74 years, with a mean age of 36.26 years (SD = 12.72). 
Most participants (70%) were white.

After the participants agreed with a digital consent form, they were directed to 
the online survey. The participants were randomly assigned into three experimental 
conditions (gain vs. loss vs. neither gain nor loss framing). They first answered 
a number of questions about their sugar-eating habits, regulatory focus orienta-
tions, and risk perceptions of excessive sugar consumption. Then they viewed an 
ad stimulus and responded to a following questionnaire to answer their processing 
fluency of viewing the ads, behavioral intention to limit sugar-eating, and demo-
graphic information.

3.2 Stimuli and measures

Six ads were designed for three experimental conditions (gain vs. loss vs. neither 
gain nor loss framing). Two ads were created for each condition in order to increase 
the external validity of the experiment: one was mainly designed by using argu-
ments; the other one was designed by telling a personal story. All ads presented both 
images (e.g., a background picture with a variety of sweet snacks and beverages) 
and text.

The ads in the gain-framing conditions addressed the benefits of lowering 
sugar intake (e.g., lose weight, look younger, improve health), while the ads in 
the loss-framing conditions stressed the negative consequences of continuing a 
high-sugar diet (e.g., gain weight, look older, get diseases). In the control condi-
tions of neither gain nor loss framing, the ads just kept neutral statements by just 
addressing that Americans eat too much sugar in their daily life and burning the 
extra calories gained from high sugar intake needs a large amount of exercise. 
Manipulation check was conducted, and the results showed that the stimuli ads 
were appropriate.

The measures of the main variables (i.e., behavioral intention, processing 
fluency, regulatory focus) were all drawn from the previous literature. Two control 
variables (i.e., sugar-eating habit, risk perception) were measured by self-created 
questions.

4. Results

Structural Equation Modeling (SEM) was used to explore the research ques-
tions and test the hypotheses and the model. Mplus 7 software [36] was employed 
to conduct the analysis. Since ad framing (gain vs. loss vs. neither gain nor loss) 
was a variable that had three categories, it was dummy coded into three variables 
in order to avoid having the analysis treat it as a continuous variable. Gain fram-
ing was first selected to be the reference group, so that the results could show the 
difference between gain and loss framing, as well as the difference between gain 
and neither gain nor loss framing. Then loss framing was chosen as the reference 
group for the analysis in order to compare the difference between loss framing and 
neither gain nor loss framing. The results showed that the model fit the data well, χ2 
(18) = 32.872, p < .05; CFI = .995; TLI = .991; RMSEA = .027.

The results of the direct effects of ad framing (gain vs. loss vs. neither gain nor 
loss) on behavioral intention showed that gain framing is significantly more effec-
tive than loss framing in leading to greater intention to limit sugar intake, γ = −.09, 
p < .05. Therefore, Hypothesis 1 was supported.

87

Gain or Loss? The Effect of Ad Framing on the Intention to Control Sugar Intake
DOI: http://dx.doi.org/10.5772/intechopen.95779

For the Research Question 1, the results showed that gain framing was not only 
more effective than loss framing but was also significantly more effective than 
neither gain nor loss framing in changing behavioral intention, γ = −.16, p < .001. 
Moreover, loss framing was also significantly more effective than neither gain nor 
loss framing in changing behavioral intention, γ = −.07, p < .05.

Individuals’ regulatory focus (prevention vs. promotion) was found to moder-
ate the effect of ad framing (gain vs. loss) on behavioral intention, γ = .12, p < .01. 
Specifically, for promotion-focused individuals, gain framing was more effective 
to lead to greater intentions to limit sugar intake than loss framing; for prevention-
focused individuals, loss framing was more effective than gain framing. Thus, both 
Hypotheses 2a and 2b were supported.

The results showed that there was no interaction effect between ad framing 
(gain vs. loss) and regulatory focus on processing fluency (γ = .02, p = .49). Thus, 
the data were not consistent with Hypotheses 3a and 3b. This finding also indicated 
that there was no moderated mediation among these three variables. Moreover, 
the indirect effect of the above tested interaction on behavioral intention through 
processing fluency was also not significant (γ = .01, p = .60), which confirmed 
that there were no moderated mediation effects among ad framing (gain vs. loss), 
regulatory focus, and processing fluency on behavioral intention. Thus, the data 
were also not consistent with Hypothesis 4.

For Research Question 2, the results showed that the interaction effects between 
other types of ad framing and regulatory focus on behavioral intention were also 
not significantly mediated by processing fluency. That is, there were no moderated 
mediation effects among the tested ad framing, regulatory focus, and processing 
fluency on behavioral intention.

However, based on the results of SEM analysis, it was found several additional 
findings. First, the results showed that regulatory focus not only had a significantly 
direct effect on behavioral intention to limit sugar intake (γ = −.20, p < .001), but 
also had a significantly effect on processing fluency, γ = −.18, p < .01. Promotion-
focused individuals processed the ads more fluently and had greater intentions to 
limit sugar intake than prevention-focused individuals.

Figure 2. 
Final model (ad framing: Gain vs. loss). Note: 1. χ2 (18) = 32.872, p < .05; CFI = .995; TLI = .991; 
RMSEA = .027. 2. The model was evaluated by using gain framing as the reference group. 3. * indicates p < .05, 
** indicates p < .01, *** indicates p < .001. 4. Dotted line indicates the effect is not statistically significant at 95% 
level of confidence. 5. The indirect effect of regulatory focus on behavioral intention through processing fluency 
is −.04, p < .01.
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In addition, processing fluency mediated both the effect of ad framing (gain vs. 
neutral) and the effect of ad framing (loss vs. neutral) on people’s behavioral inten-
tion: Processing fluency significantly affected people’s behavioral intention, β = .21, 
p < .001. The indirect effect of ad framing (gain vs. neutral) on behavioral intention 
through processing fluency was significant (γ = −.03, p < .01). The indirect effect 
of ad framing (loss vs. neutral) on behavioral intention through processing fluency 
was also significant (γ = −.08, p < .001).

Based on the results, the statistical diagrams of the final model were presented 
as follows (See Figures 2–4).

Figure 3. 
Final model (ad framing: Gain vs. neither gain nor loss). Note: 1. χ2 (18) = 32.872, p < .05; CFI = .995; 
TLI = .991; RMSEA = .027. 2. The model was evaluated by using gain framing as the reference group.  
3. * indicates p < .05, ** indicates p < .01, *** indicates p < .001. 4. Dotted line indicates the effect is not 
statistically significant at 95% level of confidence. 5. The indirect effect of gain vs. neither gain nor loss framing 
on behavioral intention through processing fluency is −.03, p < .01. 6. The indirect effect of regulatory focus 
on behavioral intention through processing fluency is −.04, p < .01.

Figure 4. 
Final model (ad framing: Loss vs. neither gain nor loss). Note: 1. χ2 (18) = 32.872, p < .05; CFI = .995; 
TLI = .991; RMSEA = .027. 2. The model was evaluated by using loss framing as the reference group.  
3. * indicates p < .05, ** indicates p < .01, *** indicates p < .001. 4. Dotted line indicates the effect is not 
statistically significant at 95% level of confidence. 5. The indirect effect of loss vs. neither gain nor loss framing 
on behavioral intention through processing fluency is −.08, p < .001.

89

Gain or Loss? The Effect of Ad Framing on the Intention to Control Sugar Intake
DOI: http://dx.doi.org/10.5772/intechopen.95779

5. Discussion

The purpose of this study was to investigate the effectiveness of advertising 
on people’s intentions to control sugar intake. Specifically, three types of ad fram-
ing were examined: gain vs. loss vs. neither gain nor loss framing. Moreover, the 
moderator role of individuals’ regulatory focus (promotion focus vs. prevention 
focus) on the effects of ad framing was explored. In addition, processing fluency 
was tested as a mediator.

By considering the influences of all tested variables in a whole SEM model, 
it was found that gain framing was more effective than loss framing in leading 
people to have greater intentions to limit sugar intake. The positive reaction toward 
gain-framed ads may be because people do not want to be told not to eat sugar: 
Many people may find it pleasant to consume sweets and foods with sugar, and 
limiting sugar intake is a prevention behavior that asks people to give up some kind 
of pleasure in order to pursue other desirable outcomes. Therefore, using a positive 
blueprint to persuade them to pursue desirable outcomes may be more effective 
than using negative illustrations to scare them into giving up their current pleasure.

The findings also showed that both gain and loss framing were more persuasive 
than the neutral framing in changing peoples’ intentions to limit sugar intake. These 
findings suggest that ad framing (gain vs. loss vs. neither gain nor loss) matters in 
leading people to have greater intentions to adopt the recommended behavior of 
limiting sugar intake. Among the three types of ad framing, the neutral framing 
without emphasizing gain or loss cannot persuade people effectively to reduce sugar 
intake, while gain framing is the most effective framing to increase people’s inten-
tion to eat less sugar.

Moreover, there was a significant interaction effect between ad framing (gain 
vs. loss) and regulatory focus on people’s behavioral intentions. Gain framing was 
more effective in leading promotion-focused individuals to have greater intentions 
to limit sugar intake than loss framing, while loss framing was more effective in 
leading prevention-focused individuals to have greater behavioral intentions than 
gain framing. Based on regulatory focus theory [12], this result may indicate that 
gain-framed and loss-framed ads separately match people’s promotion regulatory 
focus and prevention focus, which in turn create regulatory fit and lead people 
to feel right about the message. Therefore, regulatory focus is a moderator in the 
effects of ad framing (gain vs. loss) on behavioral intention.

Additionally, it was found that processing fluency mediated both the effects of 
ad framing (gain vs. neutral) and ad framing (loss vs. neutral) on people’s behav-
ioral intention to control sugar intake. That is, compared to the neutral-framed ads, 
both gain- and loss-framed ads were easier for participants to process, and then 
the greater processing fluency further led to greater advertising persuasiveness. 
This may be because people already have some knowledge or common sense about 
the negative consequences of high sugar intake or positive outcomes of controlling 
sugar intake; thus, compared to the neutral framing, they may process gain and 
loss framing more fluently with their existing knowledge, and then were better 
persuaded by the message.

This research provided several implications. The findings insinuate that to per-
suade the general population (i.e., without knowing their regulatory orientation) to 
control sugar intake, gain-framed advertising would be the best choice. Instead of 
always stressing the bad consequences of high sugar consumption to scare people, 
health professionals should design some positive-framed messages that stress the 
benefits of lowering sugar intake to stimulate people’s stronger desires to control 
their sugar consumption. Moreover, neutral framing of neither gain nor loss is not 
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through processing fluency was significant (γ = −.03, p < .01). The indirect effect 
of ad framing (loss vs. neutral) on behavioral intention through processing fluency 
was also significant (γ = −.08, p < .001).

Based on the results, the statistical diagrams of the final model were presented 
as follows (See Figures 2–4).

Figure 3. 
Final model (ad framing: Gain vs. neither gain nor loss). Note: 1. χ2 (18) = 32.872, p < .05; CFI = .995; 
TLI = .991; RMSEA = .027. 2. The model was evaluated by using gain framing as the reference group.  
3. * indicates p < .05, ** indicates p < .01, *** indicates p < .001. 4. Dotted line indicates the effect is not 
statistically significant at 95% level of confidence. 5. The indirect effect of gain vs. neither gain nor loss framing 
on behavioral intention through processing fluency is −.03, p < .01. 6. The indirect effect of regulatory focus 
on behavioral intention through processing fluency is −.04, p < .01.

Figure 4. 
Final model (ad framing: Loss vs. neither gain nor loss). Note: 1. χ2 (18) = 32.872, p < .05; CFI = .995; 
TLI = .991; RMSEA = .027. 2. The model was evaluated by using loss framing as the reference group.  
3. * indicates p < .05, ** indicates p < .01, *** indicates p < .001. 4. Dotted line indicates the effect is not 
statistically significant at 95% level of confidence. 5. The indirect effect of loss vs. neither gain nor loss framing 
on behavioral intention through processing fluency is −.08, p < .001.
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5. Discussion

The purpose of this study was to investigate the effectiveness of advertising 
on people’s intentions to control sugar intake. Specifically, three types of ad fram-
ing were examined: gain vs. loss vs. neither gain nor loss framing. Moreover, the 
moderator role of individuals’ regulatory focus (promotion focus vs. prevention 
focus) on the effects of ad framing was explored. In addition, processing fluency 
was tested as a mediator.

By considering the influences of all tested variables in a whole SEM model, 
it was found that gain framing was more effective than loss framing in leading 
people to have greater intentions to limit sugar intake. The positive reaction toward 
gain-framed ads may be because people do not want to be told not to eat sugar: 
Many people may find it pleasant to consume sweets and foods with sugar, and 
limiting sugar intake is a prevention behavior that asks people to give up some kind 
of pleasure in order to pursue other desirable outcomes. Therefore, using a positive 
blueprint to persuade them to pursue desirable outcomes may be more effective 
than using negative illustrations to scare them into giving up their current pleasure.

The findings also showed that both gain and loss framing were more persuasive 
than the neutral framing in changing peoples’ intentions to limit sugar intake. These 
findings suggest that ad framing (gain vs. loss vs. neither gain nor loss) matters in 
leading people to have greater intentions to adopt the recommended behavior of 
limiting sugar intake. Among the three types of ad framing, the neutral framing 
without emphasizing gain or loss cannot persuade people effectively to reduce sugar 
intake, while gain framing is the most effective framing to increase people’s inten-
tion to eat less sugar.

Moreover, there was a significant interaction effect between ad framing (gain 
vs. loss) and regulatory focus on people’s behavioral intentions. Gain framing was 
more effective in leading promotion-focused individuals to have greater intentions 
to limit sugar intake than loss framing, while loss framing was more effective in 
leading prevention-focused individuals to have greater behavioral intentions than 
gain framing. Based on regulatory focus theory [12], this result may indicate that 
gain-framed and loss-framed ads separately match people’s promotion regulatory 
focus and prevention focus, which in turn create regulatory fit and lead people 
to feel right about the message. Therefore, regulatory focus is a moderator in the 
effects of ad framing (gain vs. loss) on behavioral intention.

Additionally, it was found that processing fluency mediated both the effects of 
ad framing (gain vs. neutral) and ad framing (loss vs. neutral) on people’s behav-
ioral intention to control sugar intake. That is, compared to the neutral-framed ads, 
both gain- and loss-framed ads were easier for participants to process, and then 
the greater processing fluency further led to greater advertising persuasiveness. 
This may be because people already have some knowledge or common sense about 
the negative consequences of high sugar intake or positive outcomes of controlling 
sugar intake; thus, compared to the neutral framing, they may process gain and 
loss framing more fluently with their existing knowledge, and then were better 
persuaded by the message.

This research provided several implications. The findings insinuate that to per-
suade the general population (i.e., without knowing their regulatory orientation) to 
control sugar intake, gain-framed advertising would be the best choice. Instead of 
always stressing the bad consequences of high sugar consumption to scare people, 
health professionals should design some positive-framed messages that stress the 
benefits of lowering sugar intake to stimulate people’s stronger desires to control 
their sugar consumption. Moreover, neutral framing of neither gain nor loss is not 
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a good choice to persuade people to lower their sugar intake. However, if possible, it 
should be encouraged to find out people’s regulatory orientation in order to better 
persuade them. For example, hospitals or other health organizations can ask obese 
patients or the patients with high blood sugar to fill out a questionnaire to know 
their regulatory focus; and then the health professionals can use different strategies 
tailored to different patients to help them control sugar intake. Specifically, gain-
framed messages could be used more often for promotion-focused people, while 
loss-framed messages should get the priority to be selected for prevention-focused 
people. In addition, since the findings showed that processing fluency can increase 
message persuasiveness, making the messages easy to process should be a way to 
better persuade people to lower sugar intake.

6. Conclusion

Controlling sugar intake is important for individuals since today many people 
have an appetite disorder [37–39]. The chronical diseases associated with sugar con-
sumption such as obesity and diabetes are epidemic globally [37, 38]. While sugar 
stimulates individuals’ appetites, it also threatens public health if people appetite 
dysregulation and take excessive sugar [37, 38]. From a communication perspective, 
the present research contributes to this issue by investigating how to frame adver-
tising messages to more effectively persuade individuals to actively reduce sugar 
consumptions. Prevention is better cure. More future research could be conducted 
to help individuals control sugar intake and build better health conditions.

© 2021 The Author(s). Licensee IntechOpen. 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. 
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a good choice to persuade people to lower their sugar intake. However, if possible, it 
should be encouraged to find out people’s regulatory orientation in order to better 
persuade them. For example, hospitals or other health organizations can ask obese 
patients or the patients with high blood sugar to fill out a questionnaire to know 
their regulatory focus; and then the health professionals can use different strategies 
tailored to different patients to help them control sugar intake. Specifically, gain-
framed messages could be used more often for promotion-focused people, while 
loss-framed messages should get the priority to be selected for prevention-focused 
people. In addition, since the findings showed that processing fluency can increase 
message persuasiveness, making the messages easy to process should be a way to 
better persuade people to lower sugar intake.

6. Conclusion

Controlling sugar intake is important for individuals since today many people 
have an appetite disorder [37–39]. The chronical diseases associated with sugar con-
sumption such as obesity and diabetes are epidemic globally [37, 38]. While sugar 
stimulates individuals’ appetites, it also threatens public health if people appetite 
dysregulation and take excessive sugar [37, 38]. From a communication perspective, 
the present research contributes to this issue by investigating how to frame adver-
tising messages to more effectively persuade individuals to actively reduce sugar 
consumptions. Prevention is better cure. More future research could be conducted 
to help individuals control sugar intake and build better health conditions.
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Abstract

Fructose consumption has dramatically increased worldwide over the past 
decades. There are numerous clinical, experimental, and epidemiological studies 
evidenced that increased consumption of fructose negatively impacts carbohydrate 
metabolism and lactate formed from fructose can also affect whole-body energy 
balance. Excessive fructose intake stimulates endogenous glucose production and 
lipid synthesis in the liver. Currently fructose is believed to be a major contributing 
factor to chronic metabolic diseases, including obesity, insulin resistance, hypertri-
glyceridemia, and non-alcoholic fatty liver disease, hyperglycemia, type 2 diabetes, 
and cancer. These new findings bring challenges to researchers today because of 
what is still to be discovered, and how to apply what has been discovered to mod-
ern health. Further investigation should seek to analyze and understand specific 
mechanistic effects of fructose in metabolic pathways, and how to apply this 
knowledge to our daily lives. Conducting this monosaccharide research is important 
to improve the diet of the general population and to attenuate the epidemics of 
metabolic disease and associated diseases. Here, we focus on the mechanism and 
role of fructose in diseases as well as its potential as a dietary interventional target.

Keywords: fructose, glucose, sucrose, obesity, insulin resistance, uric acid, 
hypertriglyceridemia, hyperglycemia, type 2 diabetes, hypertension, retinopathy, 
free oxygen radicals, cancer

1. Introduction

Fructose is a common form of sugar found naturally in fruits, honey, and table 
sugar. It is often used as an additive to modern foods and drinks. Its sweetening 
effects and low costs of production have made fructose increasingly popular [1, 2]. 
Fructose consumption has increased since the 1970s. Mean fructose intake per person 
increased approximately 32% from the 1970s to early 2000s. Of note, total carbo-
hydrate intake over that period increased by 41%, indicating an increase in glucose 
consumption as well [3]. In a 2008 study analyzing fructose consumption of 21,483 
people, the mean fructose intake per capita was about 54.7 g/day (10.2% of total 
caloric intake/day) [1]. Dietary Guidelines for Americans 2015–2020 recommended 
that average intake of added sugars should be less than 10% of total calories per day 
[4]. Worldwide the consumption of sugar varies by age, setting and county. Among 
different European countries, for example, intake ranges widely, from 7 to 25% of 
total energy intake [5].
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Fructose intake in the diet has been linked to certain human diseases [6–10]. 
However, the precise role of fructose in disease is poorly understood and some 
findings are still controversial. There are numerous studies associating fructose with 
negative impacts on multiple components of metabolism in animals and humans 
[11–14]. The past few decades of research have expanded our understanding of 
fructose, yet there is still much to learn. It is important to establish an accurate scien-
tific understanding of fructose and its implications on human health because of its 
increasing popularity worldwide. This chapter focuses on up to date findings related 
to the metabolism and the role of fructose in human disease, including hypertension, 
hyperglycemia, metabolic syndrome, free oxygen radicals, retinopathy, diabetes, 
and cancer.

2. Structure, uses, and metabolism

Fructose is one of three major monosaccharides consumed by humans, in 
addition to glucose and galactose. Its catabolism produces the same energy con-
tent as glucose, 4 kilocalories per gram. Fructose is found as a monosaccharide 
in honey and fruits. It is found as part of the disaccharide sucrose in cane sugar, 
used to make table sugar. Sucrose is comprised of glucose bound to fructose in a 
1:1 ratio (Figure 1). Fructose, a potent sweetener, is also artificially added to foods 
and sugar-sweetened beverages (SSB), often in the form of high fructose corn 
syrup (HFCS). HFCS refers to the fructose content relative to corn syrup, which 
is entirely glucose, rather than the fructose content relative to other sweeteners. 
Indeed, as in sucrose and in honey, most HFCS compounds used as food additives 
contain nearly the same 1:1 ratio of glucose to fructose. Therefore, it is important 
to understand that concerns pertaining to fructose consumption might also be 
inferred to a wide range of sweeteners, not only HFCS.

Figure 1. 
Structural formula of the sucrose, glucose and fructose. Sucrose is a disaccharide consisting of one glucose and 
one fructose molecule. Hydrolysis breaks the glycoside bond converting sucrose into glucose and fructose.
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Digestive and intestinal brush border enzymes break down polysaccharides and 
disaccharides into monosaccharides—fructose, glucose, or galactose. Free fructose 
is absorbed directly from the intestinal lumen and is transported into circulation 
primarily by glucose transporter 5 (GLUT5) and glucose transporter 2 (GLUT2). 
Once in the portal circulation, almost all absorbed fructose enters the liver [15]. 
Fructose is transported into hepatocytes primarily via hepatic GLUT2. In addition, 
other family members of glucose transporters are involved in fructose absorption 
and metabolism [16]. After ingestion into liver, fructose is metabolized to either 
glucose [17], glyceraldehyde or acetyl CoA [18]. The liver distributes energy to other 
cells in the form of glucose, lactate, and triglycerides or converts this energy into 
hepatic glycogen or fat (Figure 2) [19, 20].

Extrahepatic fructose metabolism is generally considered minimal. 
Extrahepatic cells do not express fructokinase, so fructose metabolism must be 
catalyzed by hexokinase in these cells. Hexokinase has a much higher affinity for 
glucose than fructose. Thus, conversion from fructose to fructose 6-phosphate 
proceeds slowly in extrahepatic cells, preventing them from playing a large role in 
fructose metabolism [21].

Under diabetic conditions, excess glucose may enter the polyol pathway and can 
be converted to exogenous fructose (Figure 3). In this pathway, aldose reductase 
reduces glucose to sorbitol and NADPH is oxidized to NADP+. Sorbitol dehydroge-
nase then oxidizes sorbitol to fructose, which produces NADH from NAD+ [6, 22, 23]. 
The polyol pathway can result in NADH/NAD+ redox imbalances in diabetes [22]. 
Excessive activation of this pathway increases reactive oxygen species (ROS), and 
decreases nitric oxide (NO) and glutathione, promoting microvascular damage to the 
retina, kidney and nerves [24–27].

Figure 2. 
Fructose metabolism in hepatocyte: After absorption from intestine, fructose is taken by hepatocyte via the 
glucose transporter 2 (GLUT2) and rapidly converted to fructose-1-phosphate (F-1-P) by fructokinase. 
F-1-P is then metabolized to glyceraldehyde or dihydroxyacetone phosphate (DHAP) via aldolase B (Ald-
B). Glyceraldehyde will be further converted to glyceraldehyde-3-phosphate and acetyle CoA, finally will 
convert to fat acids, lactate or ATP. In liver, F-1-P also can convert into glucose and glycogen via DHAP and 
glyceraldehyde-3-p to improve glycogenesis. In addition, intracellular phosphate levels decrease stimulates 
formation of uric acid and increases the level of uric acid at blood. F-6-P; fructose-6 phosphate, G-6-P; 
glucose-6-phosphate; G-1-P, glucose-1-phosphate.
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3. Free oxygen radicals and endothelial dysfunction

By comparing the aorta of rats exposed to fructose with controls exposed to 
mannitol and testing them with the superoxide anion scavenger superoxide dis-
mutase (SOD), fructose has the effect of inducing NADPH-derived superoxide anion 
production. SOD incubation increased the response to acetylcholine in the fructose-
exposed group. The group exposed to fructose showed a leftward shift in the con-
centration-response curve to acetylcholine when apocynin was added, but the group 
exposed to mannitol did not. Additionally, the concentration response curves for 
both groups to phenylephrine were shifted to the right after SOD incubation, but this 
effect was greater in the fructose-exposed group [28]. In addition, it was found that 
high-fructose diet (HFrD) increased ROS 2.8 times in the aorta of rat [29]. Another 
study found that fructose increased blood pressure, superoxide anion, and expres-
sion of NADPH oxidase subunits p47phox and p22phox in rat endothelium [30].

Fructose can induce expression of the pro-inflammatory molecule intracellular 
adhesion molecule-1 (ICAM-1) on human and rat endothelial cells. This is due to 
a fructose-induced reduction of endothelial NO synthase (eNOS) expression [31]. 
Moreover, eNOS gene therapy helped repress the damaging the effect induced by a 
HFrD, indicating that eNOS has a protective effect [32]. HFrD can impair cardiac 
AKT/eNOS signaling. In contrast, estradiol can activate the Akt/eNOS signaling 
that is impaired by HFrD in rat heart [33].

The effect of topical fructose and dextrose on the adherence of leukocyte adher-
ence in rat mesenteric venules was observed with intravital microscopy. The result 
showed that fructose induced significant inflammation, but dextrose did not. It was 
determined that fructose was mediating endothelial damage via ROS generation 
because the damage was blocked by NO donors spermine NONO-ate and antioxi-
dant lipoic acid [34]. A recent study in human endothelial cells found that exposure 
to high fructose concentrations significantly affected gene expression, decreased 
the cellular angiogenic capability, and impaired endothelial vascular function [35].

4. Hypertension

Several articles have reviewed the effects of fructose on blood pressure (BP) 
[36, 37]. Various mechanisms have been proposed, including increased sympathetic 
activation [38], inflammation [31], endothelial dysfunction [39], increased uric 
acid stimulation [40], inhibition of eNOS system [32], increased salt and water 
retention [41, 42], increased homocysteine levels [43] and in utero programmed 
hypertension of offspring [44].

Few epidemiological studies have examined the association between fructose 
intake, uric acid, and BP levels. Some studies have conflicting conclusions about 

Figure 3. 
Polyol pathway: Under normal physiological conditions, glucose is used for energy (ATP) production via 
glycolysis. In diabetes, excess glucose enters the polyol pathway. Aldose reductase reduces glucose to sorbital and 
oxidizes NADPH to NADP+, then sorbitol dehydrogenase oxidizes sorbitol to fructose, which produces NADH 
from NAD+.
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the relationship between fructose and blood pressure [45]. A cross-sectional 
epidemiological study using the data collected from the National Health and 
Nutrition Examination Survey indicated that a high intake of fructose of ≥74 g/day 
is associated with elevated BP in the adults without a medical history of hyperten-
sion [39]. Studies have shown that HFrD of 60% fructose chow in rats leads to 
hypertension [46]. Recent epidemiological studies [39, 45] and meta-analysis [47] 
have indicated that there is an association between fructose and BP. In addition, 
when fructose is provided in a beverage, there is an acute BP raising effect [37, 48]. 
Moreover, lowering sugar-sweetened beverages intake was significantly associated 
with reduced BP in adults with hypertension [49]. There may also be epigenetic 
impact, because the HFrD of pregnant women was associated with BP program-
ming in the offspring [44, 50].

In a mouse model, high salt intake caused leptin resistance and obesity by 
stimulating endogenous fructose production and metabolism. It also raised BP and 
induced metabolic syndrome which was abrogated when fructose metabolism was 
blocked [51]. It was found that after 30 minutes of 40 mM fructose exposure on 
the rat aorta, with and without the endothelium lining, the contractile responses 
induced by phenylephrine (a selective α1–adrenergic receptor agonist) were 
increased in the rat aorta with endothelium present. This demonstrated that the 
effects of fructose on contractile response resulted from fructose acting on the 
endothelium and not the smooth muscle [28]. NO, an important vasodilator, was 
shown to have reduced availability when NO synthase was blocked with L-NAME. 
The result showed that a smaller shift occurred in NO production in the aorta 
segments exposed to fructose ranging from 0 to 40 mM concentrations. It was also 
shown that fructose increased activation of NADPH oxidase of the aorta, leading to 
production of superoxide anions and less NO bioavailability. The NO bioavailability 
may also be affected by hydrogen peroxide, which is known as an endogenous 
regulator of NO synthase [52]. Catalase, a hydrogen peroxide scavenger, was used to 
study the rat aorta segments. The results showed that catalase reduced the vaso-
dilatory response to acetylcholine only in the rings incubated with mannitol, and 
not with fructose. This suggests that the vasodilator effects of hydrogen peroxide 
were impaired after fructose exposure. Additionally, catalase reduced the response 
to phenylephrine in the aorta incubated with fructose, suggesting that fructose 
increased hydrogen peroxide, leading to increased contractility [28]. Fructose 
may also reduce NO bioavailability by generating uric acid, which reduces NO 
levels by blocking L-arginine uptake, stimulating arginase, inhibiting eNOS, and 
by direct scavenging [53, 54]. Fructose can enhance expression of apical chloride/
base exchanger Slc26a6 (PAT1, CFEX), which increased salt and water absorption, 
Slc26a6 and Glut5 play an essential role in fructose-inducing hypertension [41].

The National Health and Nutrition Examination Survey (NHANEX 2003 to 
2006) examined the relationship between increased fructose intake and blood 
pressure in healthy adults. Their study consisted of 2253 diverse participants and 
showed that a high fructose intake (defined as >74 g/day) was associated with 
elevated blood pressure levels, both with and without adjusting for numerous risk 
factors. The results showed 26%, 30%, and 77% higher risk for the blood pressure 
cut offs: ≥135/85, ≥140/90, and ≥ 160/100 mmHg, respectively [39].

5. Dyslipidemia and obesity

The conversion of fructose to fat in the liver (de novo lipogenesis) may be a 
modifiable pathogenic pathway [55]. Fructose uptake increases triglycerides by 
conversion to trioses-phosphate. Tests in rats [43, 46] and humans [18, 56] have 
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shown that HFrD increase triglycerides. HFrD also increases fasting plasma triglyc-
erides level and the diet significantly inhibited several pathways of lipid metabolism 
[57]. It increased plasma triglycerides in both males and females, but with a higher 
degree in males [58]. In obese individuals it increased triglycerides more than 
glucose [18].

In a rat animal model, HFrD for 5 weeks significantly increased plasma triglyc-
erides (3.8-fold) and decreased high-density lipoprotein cholesterol by 14% [59]. 
Consuming fructose-sweetened beverages for 10 weeks has shown a significant 
increase in visceral adipose tissue, dyslipidemia, and an impaired glucose tolerance 
compared to the corresponding glucose cohorts, although weight gain was not 
different in either cohorts [60, 61].

The prevalence of overweight status and obesity in children has increased 
dramatically in recent decades. SSB is already a known risk factor for weight gain in 
children and adults [62, 63]. Numerous prospective cohort studies have illustrated 
that increasing intake of SSB contributes to obesity [62, 64–66], while reducing the 
intake of soft drinks can reduce weight [67]. HFrD promoted metabolic syndrome 
by inducing lipogenesis and causing triglyceride accumulation and insulin resis-
tance [68]. Oxidative stress and inflammation due to HFrD also induced metabolic 
changes [6, 68]. Hyperhomocysteinemia is also associated with the changes seen 
in the individuals with metabolic syndrome [69]. Rats fed with high fructose for 
5 weeks had 72% higher homocysteine levels compared to chow fed controls. Rats 
fed with HFrD developed metabolic syndrome, which includes hypertriglyceride-
mia and obesity [43].

6. Non-alcoholic fatty liver disease

The liver is essential for metabolism of proteins, fats, and carbohydrates. Liver 
disease may affect various components of metabolism and may contribute to 
metabolic syndrome. Non-alcoholic fatty liver disease (NAFLD) or non-alcoholic 
steatohepatitis (NASH) can result from excessive fat accumulation in the liver 
leading to liver damage and inflammation. NAFLD is a manifestation of metabolic 
syndrome. NAFLD affects about 30–40% of the adult population [70] and about 
10% children [71]. Persistent liver damage can cause cirrhosis and hepatocellular 
carcinoma [72].

An imbalance in fatty acid synthesis, β-oxidation, and triglyceride exportation 
processes leads to the accumulation of fat in hepatocytes. Fructose is a substrate 
and inducer of hepatic de novo lipogenesis [6]. Fructose has a role in inducing fatty 
liver disease by stimulating carbohydrates conversion into fatty acids and block-
ing β-fatty acid oxidation [73]. As mentioned previously, fructose is converted 
into glyceraldehyde-3-phosphate by avoiding the rate-controlling step of glucose 
metabolism in hepatocytes. Thus, the consumption of high fructose increases the 
hepatic de novo lipogenesis [74]. Excessive lipogenesis causes hepatic inflammation, 
a key pathophysiologic feature of NASH [75]. These processes also increase mito-
chondrial coupling, leading to oxidative stress [74]. Numerous studies have shown 
that fructose uptake causes ATP depletion because it floods the hepatocytes with 
fructose-1-phosphate via fructokinase [76–78].

The effects of fructose consumption on NAFLD and metabolic syndrome have 
been studied [79, 80]. Increased fructose consumption has been suggested to 
contribute to NAFLD [81, 82]. A study on zebra fish showed that when treated with 
4% fructose or glucose, only the fructose-treated larvae developed NASH [83].

Fructose intake also affects insulin sensitivity and has been shown to increase 
fibrosis severity in patients who have NASH [84]. Short term (9 days) high fructose 
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intake of 25% of energy content was associated with increased hepatic fatty acid 
synthesis and liver fat in healthy men fed weight-maintaining diets [85]. There have 
been retrospective studies done on patients with NAFLD, showing that they cor-
relate with a higher fructose intake, despite similar overall energy intake compared 
to healthy individuals. Another meta-analysis concluded that consumption of SSB 
plays a role in fatty liver disease [67]. However, results are not conclusive. A recent 
meta-analysis of six observational and 21 intervention studies concluded that the 
apparent association between indices of human health like liver fat and lipogenesis 
from fructose or sucrose intake appear to be confounded by excessive energy intake 
overall [86].

Increasing evidences show that Sirtuin 1 (Sirt1) plays a vital role in the develop-
ment and rescue of NAFLD [87]. Sirt1 is a NAD+-dependent histone deacetylase and 
is considered to be a core regulator in fatty acid oxidation and lipogenesis [88, 89]. 
Sirt1 reduces liver steatosis, improves mitochondrial function, and restores insulin 
sensitivity, thereby improving blood sugar and lipid regulation [90]. In addition, 
Sirt1 has anti-inflammatory activity, anti-aging activity and reduces oxidative 
stress of the vascular endothelium. Enhancing Sirt1 activation can reduce lipogenic 
enzymes expression [91] and lipid accumulation in liver [92]. Ablating the Skirt1 
activation can exacerbate liver fat accumulation and hepatic steatosis [93, 94]. Diet 
has been shown to be involved in the regulation of Sirt1. An unhealthy diet can 
increase the risk of NAFLD and obesity [93, 94]. Nutritional and lifestyle interven-
tions can increase the activation of Sirt1 and improve NAFLD [94, 95]. Fructose 
decreases the expression and activity of Sirt1 in liver, and inhibits lipid metabolism 
[96], whereas increased Sirt1 activity can attenuate fructose-induced hepatic lipid 
deposition and prevent NAFLD [90]. In high-fat diet mice, activation of the  
AMPK/Sirt1 pathway significantly improved obesity, lipid accumulation and hepatic 
steatosis [97]. In addition, metformin has been proposed to alleviate NAFLD, since 
metformin can increase autophagy by increasing the expression and activation of 
the Sirt1 [92].

In recent years, Sirt1 activators and inhibitors have been extensively studied, 
including some human trails [98, 99]. Ongoing research data suggests that NAFLD 
may benefit from targeting Sirt1 therapy [98].

7. Insulin resistance

Fructose consumption can result in insulin resistance, an effect that is similar 
to glucose [13]. In rats, high fructose consumption resulted in increased visceral 
adipose tissue, insulin resistance and hypertension [100, 101]. A higher C-peptide 
is often associated with insulin resistance [102]. A study was conducted to evalu-
ate the link between fructose intake and C-peptide level in women, and it found 
that the serum C-peptide concentration of the subjects with the highest intake of 
fructose was 13.9% higher than those with the lowest intake [103]. In rats fed with 
HFrD resulted in a complete metabolic syndrome including hyperinsulinemia [43].

Fructose also sensitized pancreatic beta cells to TNF-alpha induced necroptosis 
[104]. Fructose showed increased insulin resistance in both obese men and women, 
more notable in males [58]. Fructose increased visceral adipose tissue, plasma insu-
lin, blood triglyceride level, and HOMA index. There was a decreased stimulation 
of protein kinase B signaling in fructose fed rats. Insulin induced GLUT4 presence 
on plasma membranes of cardiac cells was decreased by fructose diet [105].

The body’s use of insulin may be impaired by increased resistance in peripheral 
tissues, it is important to assess the effects of fructose on the insulin and the pan-
creatic beta cells. It is well known that hyperglycemia is detrimental to beta-cell 
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shown that HFrD increase triglycerides. HFrD also increases fasting plasma triglyc-
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An imbalance in fatty acid synthesis, β-oxidation, and triglyceride exportation 
processes leads to the accumulation of fat in hepatocytes. Fructose is a substrate 
and inducer of hepatic de novo lipogenesis [6]. Fructose has a role in inducing fatty 
liver disease by stimulating carbohydrates conversion into fatty acids and block-
ing β-fatty acid oxidation [73]. As mentioned previously, fructose is converted 
into glyceraldehyde-3-phosphate by avoiding the rate-controlling step of glucose 
metabolism in hepatocytes. Thus, the consumption of high fructose increases the 
hepatic de novo lipogenesis [74]. Excessive lipogenesis causes hepatic inflammation, 
a key pathophysiologic feature of NASH [75]. These processes also increase mito-
chondrial coupling, leading to oxidative stress [74]. Numerous studies have shown 
that fructose uptake causes ATP depletion because it floods the hepatocytes with 
fructose-1-phosphate via fructokinase [76–78].

The effects of fructose consumption on NAFLD and metabolic syndrome have 
been studied [79, 80]. Increased fructose consumption has been suggested to 
contribute to NAFLD [81, 82]. A study on zebra fish showed that when treated with 
4% fructose or glucose, only the fructose-treated larvae developed NASH [83].

Fructose intake also affects insulin sensitivity and has been shown to increase 
fibrosis severity in patients who have NASH [84]. Short term (9 days) high fructose 
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intake of 25% of energy content was associated with increased hepatic fatty acid 
synthesis and liver fat in healthy men fed weight-maintaining diets [85]. There have 
been retrospective studies done on patients with NAFLD, showing that they cor-
relate with a higher fructose intake, despite similar overall energy intake compared 
to healthy individuals. Another meta-analysis concluded that consumption of SSB 
plays a role in fatty liver disease [67]. However, results are not conclusive. A recent 
meta-analysis of six observational and 21 intervention studies concluded that the 
apparent association between indices of human health like liver fat and lipogenesis 
from fructose or sucrose intake appear to be confounded by excessive energy intake 
overall [86].

Increasing evidences show that Sirtuin 1 (Sirt1) plays a vital role in the develop-
ment and rescue of NAFLD [87]. Sirt1 is a NAD+-dependent histone deacetylase and 
is considered to be a core regulator in fatty acid oxidation and lipogenesis [88, 89]. 
Sirt1 reduces liver steatosis, improves mitochondrial function, and restores insulin 
sensitivity, thereby improving blood sugar and lipid regulation [90]. In addition, 
Sirt1 has anti-inflammatory activity, anti-aging activity and reduces oxidative 
stress of the vascular endothelium. Enhancing Sirt1 activation can reduce lipogenic 
enzymes expression [91] and lipid accumulation in liver [92]. Ablating the Skirt1 
activation can exacerbate liver fat accumulation and hepatic steatosis [93, 94]. Diet 
has been shown to be involved in the regulation of Sirt1. An unhealthy diet can 
increase the risk of NAFLD and obesity [93, 94]. Nutritional and lifestyle interven-
tions can increase the activation of Sirt1 and improve NAFLD [94, 95]. Fructose 
decreases the expression and activity of Sirt1 in liver, and inhibits lipid metabolism 
[96], whereas increased Sirt1 activity can attenuate fructose-induced hepatic lipid 
deposition and prevent NAFLD [90]. In high-fat diet mice, activation of the  
AMPK/Sirt1 pathway significantly improved obesity, lipid accumulation and hepatic 
steatosis [97]. In addition, metformin has been proposed to alleviate NAFLD, since 
metformin can increase autophagy by increasing the expression and activation of 
the Sirt1 [92].

In recent years, Sirt1 activators and inhibitors have been extensively studied, 
including some human trails [98, 99]. Ongoing research data suggests that NAFLD 
may benefit from targeting Sirt1 therapy [98].

7. Insulin resistance

Fructose consumption can result in insulin resistance, an effect that is similar 
to glucose [13]. In rats, high fructose consumption resulted in increased visceral 
adipose tissue, insulin resistance and hypertension [100, 101]. A higher C-peptide 
is often associated with insulin resistance [102]. A study was conducted to evalu-
ate the link between fructose intake and C-peptide level in women, and it found 
that the serum C-peptide concentration of the subjects with the highest intake of 
fructose was 13.9% higher than those with the lowest intake [103]. In rats fed with 
HFrD resulted in a complete metabolic syndrome including hyperinsulinemia [43].

Fructose also sensitized pancreatic beta cells to TNF-alpha induced necroptosis 
[104]. Fructose showed increased insulin resistance in both obese men and women, 
more notable in males [58]. Fructose increased visceral adipose tissue, plasma insu-
lin, blood triglyceride level, and HOMA index. There was a decreased stimulation 
of protein kinase B signaling in fructose fed rats. Insulin induced GLUT4 presence 
on plasma membranes of cardiac cells was decreased by fructose diet [105].

The body’s use of insulin may be impaired by increased resistance in peripheral 
tissues, it is important to assess the effects of fructose on the insulin and the pan-
creatic beta cells. It is well known that hyperglycemia is detrimental to beta-cell 
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viability, which is a large part of the pathophysiology of development for diabetes 
mellitus. One factor in the beta cell death is a mitochondrial channel called the 
permeability transition pore (PTP, or MTP). PTP is associated with mitochondrial 
dysfunction and directly involved in insulin resistance [106]. There is evidence that 
PTP inhibitors prevent the pancreatic β cell death induced by hyperglycemia [107]. 
Comparing the effects of fructose and glucose on PTP, the results show that even 
low concentration of fructose (2.5 mM) can induce PTP open, similar to 30 mM 
glucose [108]. This indicated that the possible role of fructose on PTP and in the 
development of beta cell damage.

8. Diabetes

In healthy people, acute increases in plasma glucose concentration inhibit 
endogenous glucose production. This regulation is disrupted in type 2 diabetes 
patients, causing inappropriate endogenous glucose production and hyperglycemia 
[109]. Hyperglycemia inhibits glucose production when an intracellular influx of 
glucose is catalyzed to glucose-6-phosphate via glucokinase [110]. In healthy indi-
viduals, there is an autoregulatory mechanism in which glucose phosphorylation 
suppresses glucose production, primarily by inhibiting glycogenolysis [111].

Studies show that fructose may have an impact on glucose level. In one study, 
dogs were fasted for 42 hours, then they were administered different amounts of 
IV fructose. Fructose exposure caused an increase in net hepatic glucose uptake, 
glycogen synthesis and hepatic lactate output, the experiments show that about 
70% of H3- labeled glucose captured by the liver is incorporated into glycogen 
and deposited in liver [112]. This is significant because glucokinase is known to 
activate the glycogen synthase enzyme [113]. Fructose has a role in determining 
glucokinase activity, glucokinase has a major role in determining hepatic glucose 
uptake [112].

Other animal studies have shown that after two weeks of high fructose intake, 
blood glucose levels were significantly increased in healthy rats [114]. A study in 
humans has shown small amounts of fructose stimulated hepatic glucose uptake 
and hepatic glycogen synthesis. Under euglycemic hyperinsulinemia, low-dose 
fructose infusion increased net hepatic glycogen synthesis by 3 times via stimulat-
ing glycogen synthase flux [115]. Glucose-fructose co-ingestion will significantly 
increase hepatic glycogen repletion rates compared with glucose ingestion 
alone [116].

It is important to understand that although insulin resistance and pancreatic 
cell damage may develop in rats fed with HFrD as reported by some studies, the 
presentations might not always mimic type 2 diabetes found in humans or rats. For 
example, HFrD combined with high fat diet to induce T2D in rodents. These ani-
mals only developed early stage of diabetes but did not develop β-cell failure as seen 
in the late stages of T2D in humans [117, 118]. The animal could develop a nutri-
tional tolerance after eating a fructose diet for 3 months, but these animals could be 
not used as suitable fructose-fed animal model for diabetes study due to no signs of 
insulin resistance and β-cell dysfunction [119]. A new and alternative rat model was 
created by using a 10% fructose-fed diet followed by 40 mg/kg of streptozotocin to 
induce beta cell toxicity. In this animal model, rats developed both insulin resistance 
and pancreatic β-cell dysfunction [120].

In humans, the epidemic of T2D and diabetes-related metabolic complica-
tions have been linked to fructose consumption [121–125]. Indeed, fructose as a 
highly lipogeneic monosaccharide, fructose intake increases the risk of impairing 
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gluocse metabolism [63, 126]. However, results are conflicting. An excessive rate 
of endogenous glucose production is a major contributor to fasting hyperglycemia 
in diabetes. A study on human showed that infusion of small amounts of fructose 
during hyperglycemia partially corrected the regulation of glucose production and 
partially restored the ability of glucose to suppress glucose production in subjects 
with type 2 diabetes [127].

In diabetes mellitus, hyperglycemic condition increases the activity of polyol 
pathway; approximately 30% glucose can be converted to fructose via the 
polyol pathway. Persistent hyperglycemia increases fructose level and decreases 
NADPD/NADP+ ratio, leading to NO production decrease, ROS production 
increase, oxidative stress, and protein glycation increase. These events damage 
the microvascular system and are implicated in diabetic complications, especially 
in retinopathy, nephropathy, and neuropathy [22].

9. Hyperuricemia

Hyperuricemia (HP) can cause metabolic, cardiovascular, and renal dis-
eases [68]. Elevated level of uric acid can inhibit NO bioavailability; it also can 
promote smooth muscle cell proliferation and can activate the inflammation 
cascade, which can lead to damage of the endothelium of vessels [128, 129]. 
During fructose metabolism intracellular phosphate (PO4) is decreased, there is 
an activation of adenosine monophosphate deaminase which increases inosine 
monophosphate. Inosine monophosphate is further degraded to xanthine and 
hypoxanthine by xanthine oxidase (XO). The end product of these processes is 
uric acid [130, 131] (Figure 4). Furthermore, the increased insulin levels due to 
fructose intake lead to renal reuptake of urate, resulting in reducing the excre-
tion of uric acid through the kidneys and further increases the serum uric acid 
level [53, 132].

Figure 4. 
Fructose stimulates hepatic uric acid synthesis. Fructose is transported into liver via hepatic GLUT2 and is 
phosphorylated by fructokinase (F-K) to fructose-1-phosphate (F-1-P), which uses ATP as a phosphate donor 
and results in intracellular phosphate (PO4) depletion. Intracellular phosphate levels decrease stimulates 
the activity of hepatic AMP deaminase (AMPD). AMPD catalyzes AMP to inosine monophosphate (IMP). 
IMP is converted to inosine by 5′ nucleotidase (5′NT) and then inosine is further degraded to hypoxanthine by 
purine nucleotide phosphorylase (PNP). Hypoxanthine is degraded into xanthine by xanthine oxidase (XO), 
and finally produced uric acid is released into circulation.
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viability, which is a large part of the pathophysiology of development for diabetes 
mellitus. One factor in the beta cell death is a mitochondrial channel called the 
permeability transition pore (PTP, or MTP). PTP is associated with mitochondrial 
dysfunction and directly involved in insulin resistance [106]. There is evidence that 
PTP inhibitors prevent the pancreatic β cell death induced by hyperglycemia [107]. 
Comparing the effects of fructose and glucose on PTP, the results show that even 
low concentration of fructose (2.5 mM) can induce PTP open, similar to 30 mM 
glucose [108]. This indicated that the possible role of fructose on PTP and in the 
development of beta cell damage.

8. Diabetes

In healthy people, acute increases in plasma glucose concentration inhibit 
endogenous glucose production. This regulation is disrupted in type 2 diabetes 
patients, causing inappropriate endogenous glucose production and hyperglycemia 
[109]. Hyperglycemia inhibits glucose production when an intracellular influx of 
glucose is catalyzed to glucose-6-phosphate via glucokinase [110]. In healthy indi-
viduals, there is an autoregulatory mechanism in which glucose phosphorylation 
suppresses glucose production, primarily by inhibiting glycogenolysis [111].

Studies show that fructose may have an impact on glucose level. In one study, 
dogs were fasted for 42 hours, then they were administered different amounts of 
IV fructose. Fructose exposure caused an increase in net hepatic glucose uptake, 
glycogen synthesis and hepatic lactate output, the experiments show that about 
70% of H3- labeled glucose captured by the liver is incorporated into glycogen 
and deposited in liver [112]. This is significant because glucokinase is known to 
activate the glycogen synthase enzyme [113]. Fructose has a role in determining 
glucokinase activity, glucokinase has a major role in determining hepatic glucose 
uptake [112].

Other animal studies have shown that after two weeks of high fructose intake, 
blood glucose levels were significantly increased in healthy rats [114]. A study in 
humans has shown small amounts of fructose stimulated hepatic glucose uptake 
and hepatic glycogen synthesis. Under euglycemic hyperinsulinemia, low-dose 
fructose infusion increased net hepatic glycogen synthesis by 3 times via stimulat-
ing glycogen synthase flux [115]. Glucose-fructose co-ingestion will significantly 
increase hepatic glycogen repletion rates compared with glucose ingestion 
alone [116].

It is important to understand that although insulin resistance and pancreatic 
cell damage may develop in rats fed with HFrD as reported by some studies, the 
presentations might not always mimic type 2 diabetes found in humans or rats. For 
example, HFrD combined with high fat diet to induce T2D in rodents. These ani-
mals only developed early stage of diabetes but did not develop β-cell failure as seen 
in the late stages of T2D in humans [117, 118]. The animal could develop a nutri-
tional tolerance after eating a fructose diet for 3 months, but these animals could be 
not used as suitable fructose-fed animal model for diabetes study due to no signs of 
insulin resistance and β-cell dysfunction [119]. A new and alternative rat model was 
created by using a 10% fructose-fed diet followed by 40 mg/kg of streptozotocin to 
induce beta cell toxicity. In this animal model, rats developed both insulin resistance 
and pancreatic β-cell dysfunction [120].

In humans, the epidemic of T2D and diabetes-related metabolic complica-
tions have been linked to fructose consumption [121–125]. Indeed, fructose as a 
highly lipogeneic monosaccharide, fructose intake increases the risk of impairing 
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gluocse metabolism [63, 126]. However, results are conflicting. An excessive rate 
of endogenous glucose production is a major contributor to fasting hyperglycemia 
in diabetes. A study on human showed that infusion of small amounts of fructose 
during hyperglycemia partially corrected the regulation of glucose production and 
partially restored the ability of glucose to suppress glucose production in subjects 
with type 2 diabetes [127].

In diabetes mellitus, hyperglycemic condition increases the activity of polyol 
pathway; approximately 30% glucose can be converted to fructose via the 
polyol pathway. Persistent hyperglycemia increases fructose level and decreases 
NADPD/NADP+ ratio, leading to NO production decrease, ROS production 
increase, oxidative stress, and protein glycation increase. These events damage 
the microvascular system and are implicated in diabetic complications, especially 
in retinopathy, nephropathy, and neuropathy [22].

9. Hyperuricemia

Hyperuricemia (HP) can cause metabolic, cardiovascular, and renal dis-
eases [68]. Elevated level of uric acid can inhibit NO bioavailability; it also can 
promote smooth muscle cell proliferation and can activate the inflammation 
cascade, which can lead to damage of the endothelium of vessels [128, 129]. 
During fructose metabolism intracellular phosphate (PO4) is decreased, there is 
an activation of adenosine monophosphate deaminase which increases inosine 
monophosphate. Inosine monophosphate is further degraded to xanthine and 
hypoxanthine by xanthine oxidase (XO). The end product of these processes is 
uric acid [130, 131] (Figure 4). Furthermore, the increased insulin levels due to 
fructose intake lead to renal reuptake of urate, resulting in reducing the excre-
tion of uric acid through the kidneys and further increases the serum uric acid 
level [53, 132].

Figure 4. 
Fructose stimulates hepatic uric acid synthesis. Fructose is transported into liver via hepatic GLUT2 and is 
phosphorylated by fructokinase (F-K) to fructose-1-phosphate (F-1-P), which uses ATP as a phosphate donor 
and results in intracellular phosphate (PO4) depletion. Intracellular phosphate levels decrease stimulates 
the activity of hepatic AMP deaminase (AMPD). AMPD catalyzes AMP to inosine monophosphate (IMP). 
IMP is converted to inosine by 5′ nucleotidase (5′NT) and then inosine is further degraded to hypoxanthine by 
purine nucleotide phosphorylase (PNP). Hypoxanthine is degraded into xanthine by xanthine oxidase (XO), 
and finally produced uric acid is released into circulation.
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A meta-analysis of animal research showed that there is a significant relation-
ship between fructose feeding and HP [133]. Research has also shown that when rats 
fed with HFrD, elevated uric acid blocked acetylcholine-mediated arterial dilation 
[53]. Human can also develop HP after high fructose consumption [11, 40, 129]. SSB 
consumption was significantly associated with increased uric acid concentration in 
adult population [134]. However, a meta-analysis showed that uric acid concentra-
tion was reduced by using glucose instead of fructose [135].

10. Retinopathy

Chronic uncontrolled hyperglycemia can cause microvascular damage which 
can manifest as diabetic retinopathy (DR). Pathological retinal findings include 
microaneurysms, capillary abnormalities, hyperpermeability, hypoperfusion, and 
neo-angiogenesis, which eventually can lead to loss of vision [136, 137].

Animal studies have showed that animals can develop metabolic syndrome while 
on fructose diet and can also develop choroidal neovascularization which can lead 
to exudative age-related macular degeneration [137–139]. The retinal neovascular-
ization occurs as part of oxidative stress resulting in an activation and infiltration of 
phagocytic cells in the retina. High fructose diet can also modulate gene expression 
in the retina [138]. The genes are involved in the development of diabetic retinopa-
thy [140]. Melatonin plays an important role in the maintenance of disc shedding, 
function of rod photoreceptors [141], and elongation of cone photoreceptors in the 
retina [142]. Melatonin also blocks apoptosis of retinal cells after experimentally 
induced ischemia [143]. Excessive fructose consumption leads to down regulation 
of melatonin, and decrease the effects of melatonin on anti-inflammation and anti-
oxidative stress in the retina [144, 145].

The premature death of retinal pericytes is a pathophysiological hallmark of 
DR. One study showed that advanced glycosylated end-products (AGEs) can cause 
retinal pericytes dysfunction and death by reducing survival signals mediated by 
platelet-derived growth factor [146]. DR is also caused oxidative stress because 
of increased ROS production and antioxidant depletion [147]. Protein kinase C 
(PKC) also has an important role in diabetic retinopathy, PKC activation leads to 
upregulation of pro-inflammatory genes, loss of capillary pericytes and generation 
of ROS [148, 149].

11. Cancer

Research studies have provided clinical and experimental evidence that fructose 
intake is associated with development of cancer, especially if consumed in large 
amounts [150]. Adenomatous polyposis coli (APC) genes can develop biallelic muta-
tions and in combination with fructose intake can trigger or promote the colorectal 
cancer [151, 152]. The fructose transporter GLUT5 receptors are expressed on the 
cancer cells like colorectal and breast cancers indicated that fructose can be used 
as fuel by several types of cancers [153, 154]. Excessive intake of fructose can lead 
to increased formation of RDS production via formation of glycolaldehyde [155]. 
Glyoxal is an autoxidation product during fructose metabolism and also a contami-
nant in the food processing promoted intestinal tumor growth in mouse model.

Fructose was shown to be carcinogenic even if it was only 3% of total daily 
caloric intake which are mediated through activation of GLUT5 and phosphofruc-
tokinase. If fructokinase (ketohexokinase) which is the first enzyme involved in 
fructose is knocked out in mice the cancer growth can be suppressed [156, 157]. 
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Fructose can also promote cancer growth via pentose phosphate and increases pro-
tein synthesis and also cause hepatic inflammation, nonalcoholic fatty liver disease 
and hepatocellular carcinoma [158, 159].

Fructose promotes cancer growth by formation of lactate, which is an end-
product of fructose metabolism. Lactate is likely needed at several steps during 
the cancer growth including escape from the immune system, cell migration, 
metastasis and self-sustenance [160]. Lactate levels were found to be 40-fold high 
in glycolytic tumors and it correlates with cancer cell metastasis and poor survival 
[161]. Lactate also promotes angiogenesis in the tumors by inducing vascular 
endothelial growth factor (VEGF) in endothelial cells. If the lactate production is 
blocked by a chemical inhibitor or gene deletion, the angiogenesis and cancer cell 
proliferation is stopped [162, 163].

Fructose and uric acid have been shown to stimulate mitochondrial ROS pro-
duction which is needed for tumor cell growth [164, 165]. During the rapid cell 
division cancer cells can suffer from hypoxic conditions and have to tolerate them 
to maintain viability and growth [166]. Fructose metabolism is useful in rapidly 
dividing cancer cells since during the glycolytic pathway it can use one molecule 
of ATP to generate 4 molecules of ATP from fructose-1,6-bisphosphate through 
pyruvate [167].

Fructose consumption may promote breast cancer cell line MDA-MB-468 
to an aggressive type [168]. Fructose intake is associated with more aggressive 
cancer behavior and may promote metastasis [168–170]. Fructose also has a role 
in pancreatic cancer growth via the induction of transketolase flux [171]. Prostate 
cancer cell may also use fructose as the preferred energy source to support the cell 
proliferation and metabolism [172].

Human cells have the ability to produce fructose endogenously, which is also 
possible in the cancer cells [173]. Endogenous fructose production takes place 
through the polyol pathway by utilizing aldolase reductase. This enzyme is found in 
an activated state in various types of human cancers, including liver, breast, ovarian, 
cervical, and rectal cancers and helps in synthesizing fructose from glucose [174].

Fructose can promote cancer cell growth by providing fuel to make nucleotides, 
lipids, and energy, especially for cancers that express GLUT5 receptors. Low 
fructose diet and fructokinase inhibitors can be novel techniques to treat cancers. 
Furthermore, blocking uric acid and lactate production could also be targets of 
cancer prevention and treatment [175].

12. Summary

The past decade of research on fructose has expanded our understanding of role 
of fructose in disease. The imbalance between high fructose intake and low physical 
energy consumption is a possible reason of the deleterious health effect of fructose. 
The consumption of excess fructose may promote the development of metabolic 
disorders directly or indirectly. Dietary fructose intake has been linked with some 
human diseases, including hypertension, obesity, dyslipidemia, diabetes, non-
alcoholic fatty liver syndrome, and certain type of cancers. Further investigation to 
gain a better understanding about fructose metabolism will be important to define a 
potential dietary intervention to reduce disease.
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A meta-analysis of animal research showed that there is a significant relation-
ship between fructose feeding and HP [133]. Research has also shown that when rats 
fed with HFrD, elevated uric acid blocked acetylcholine-mediated arterial dilation 
[53]. Human can also develop HP after high fructose consumption [11, 40, 129]. SSB 
consumption was significantly associated with increased uric acid concentration in 
adult population [134]. However, a meta-analysis showed that uric acid concentra-
tion was reduced by using glucose instead of fructose [135].

10. Retinopathy

Chronic uncontrolled hyperglycemia can cause microvascular damage which 
can manifest as diabetic retinopathy (DR). Pathological retinal findings include 
microaneurysms, capillary abnormalities, hyperpermeability, hypoperfusion, and 
neo-angiogenesis, which eventually can lead to loss of vision [136, 137].

Animal studies have showed that animals can develop metabolic syndrome while 
on fructose diet and can also develop choroidal neovascularization which can lead 
to exudative age-related macular degeneration [137–139]. The retinal neovascular-
ization occurs as part of oxidative stress resulting in an activation and infiltration of 
phagocytic cells in the retina. High fructose diet can also modulate gene expression 
in the retina [138]. The genes are involved in the development of diabetic retinopa-
thy [140]. Melatonin plays an important role in the maintenance of disc shedding, 
function of rod photoreceptors [141], and elongation of cone photoreceptors in the 
retina [142]. Melatonin also blocks apoptosis of retinal cells after experimentally 
induced ischemia [143]. Excessive fructose consumption leads to down regulation 
of melatonin, and decrease the effects of melatonin on anti-inflammation and anti-
oxidative stress in the retina [144, 145].

The premature death of retinal pericytes is a pathophysiological hallmark of 
DR. One study showed that advanced glycosylated end-products (AGEs) can cause 
retinal pericytes dysfunction and death by reducing survival signals mediated by 
platelet-derived growth factor [146]. DR is also caused oxidative stress because 
of increased ROS production and antioxidant depletion [147]. Protein kinase C 
(PKC) also has an important role in diabetic retinopathy, PKC activation leads to 
upregulation of pro-inflammatory genes, loss of capillary pericytes and generation 
of ROS [148, 149].

11. Cancer

Research studies have provided clinical and experimental evidence that fructose 
intake is associated with development of cancer, especially if consumed in large 
amounts [150]. Adenomatous polyposis coli (APC) genes can develop biallelic muta-
tions and in combination with fructose intake can trigger or promote the colorectal 
cancer [151, 152]. The fructose transporter GLUT5 receptors are expressed on the 
cancer cells like colorectal and breast cancers indicated that fructose can be used 
as fuel by several types of cancers [153, 154]. Excessive intake of fructose can lead 
to increased formation of RDS production via formation of glycolaldehyde [155]. 
Glyoxal is an autoxidation product during fructose metabolism and also a contami-
nant in the food processing promoted intestinal tumor growth in mouse model.

Fructose was shown to be carcinogenic even if it was only 3% of total daily 
caloric intake which are mediated through activation of GLUT5 and phosphofruc-
tokinase. If fructokinase (ketohexokinase) which is the first enzyme involved in 
fructose is knocked out in mice the cancer growth can be suppressed [156, 157]. 
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Fructose can also promote cancer growth via pentose phosphate and increases pro-
tein synthesis and also cause hepatic inflammation, nonalcoholic fatty liver disease 
and hepatocellular carcinoma [158, 159].

Fructose promotes cancer growth by formation of lactate, which is an end-
product of fructose metabolism. Lactate is likely needed at several steps during 
the cancer growth including escape from the immune system, cell migration, 
metastasis and self-sustenance [160]. Lactate levels were found to be 40-fold high 
in glycolytic tumors and it correlates with cancer cell metastasis and poor survival 
[161]. Lactate also promotes angiogenesis in the tumors by inducing vascular 
endothelial growth factor (VEGF) in endothelial cells. If the lactate production is 
blocked by a chemical inhibitor or gene deletion, the angiogenesis and cancer cell 
proliferation is stopped [162, 163].

Fructose and uric acid have been shown to stimulate mitochondrial ROS pro-
duction which is needed for tumor cell growth [164, 165]. During the rapid cell 
division cancer cells can suffer from hypoxic conditions and have to tolerate them 
to maintain viability and growth [166]. Fructose metabolism is useful in rapidly 
dividing cancer cells since during the glycolytic pathway it can use one molecule 
of ATP to generate 4 molecules of ATP from fructose-1,6-bisphosphate through 
pyruvate [167].

Fructose consumption may promote breast cancer cell line MDA-MB-468 
to an aggressive type [168]. Fructose intake is associated with more aggressive 
cancer behavior and may promote metastasis [168–170]. Fructose also has a role 
in pancreatic cancer growth via the induction of transketolase flux [171]. Prostate 
cancer cell may also use fructose as the preferred energy source to support the cell 
proliferation and metabolism [172].

Human cells have the ability to produce fructose endogenously, which is also 
possible in the cancer cells [173]. Endogenous fructose production takes place 
through the polyol pathway by utilizing aldolase reductase. This enzyme is found in 
an activated state in various types of human cancers, including liver, breast, ovarian, 
cervical, and rectal cancers and helps in synthesizing fructose from glucose [174].

Fructose can promote cancer cell growth by providing fuel to make nucleotides, 
lipids, and energy, especially for cancers that express GLUT5 receptors. Low 
fructose diet and fructokinase inhibitors can be novel techniques to treat cancers. 
Furthermore, blocking uric acid and lactate production could also be targets of 
cancer prevention and treatment [175].

12. Summary

The past decade of research on fructose has expanded our understanding of role 
of fructose in disease. The imbalance between high fructose intake and low physical 
energy consumption is a possible reason of the deleterious health effect of fructose. 
The consumption of excess fructose may promote the development of metabolic 
disorders directly or indirectly. Dietary fructose intake has been linked with some 
human diseases, including hypertension, obesity, dyslipidemia, diabetes, non-
alcoholic fatty liver syndrome, and certain type of cancers. Further investigation to 
gain a better understanding about fructose metabolism will be important to define a 
potential dietary intervention to reduce disease.
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Chapter 8

Main Organs Involved in Glucose 
Metabolism
Laura Lema-Pérez

Abstract

Sugar, or technically known as glucose, is the main source of energy of all cells 
in the human body. The glucose homeostasis cycle is the mechanism to maintain 
blood glucose levels in a healthy threshold. When this natural mechanism is broken, 
many metabolic disorders appear such as diabetes mellitus, and some substances of 
interest, like glucose, are out of control. In the mechanism to maintain blood glucose, 
several organs are involved but the role of most of them has been disregarded in the 
literature. In this chapter, the main organs involved in such a mechanism and their 
role in glucose metabolism are described. Specifically, the stomach and small intes-
tine, organs of the gastrointestinal system, are the first to play an important role in 
the regulatory system, because it is where carbohydrates are digested and absorbed 
as glucose into the bloodstream. Then glucose as a simple substance goes to the liver 
to be stored as glycogen. Glucose storage occurs due to the delivery of hormones 
from the pancreas, which produces, stores, and releases insulin and glucagon, two 
antagonistic hormones with an important role in glucose metabolism. The kidneys 
assist the liver in insulin clearance in the postprandial state and gluconeogenesis in 
the post absorptive state. Physiological aspects and the detailed role of every organ 
involved in glucose metabolism are described in this chapter.

Keywords: glucose metabolism, homeostasis, diabetes mellitus

1. Introduction

Glucose is contained in foods rich in carbohydrates like bread, potatoes, rice, 
and fruits. It can be as a simple molecule, sugar, or complex molecules, carbohy-
drates. Although carbohydrates are more abundant in the diet, they are digested 
to be converted into glucose molecules to be absorbed in the gut. Previously to be 
absorbed, stomach and small intestine play an important role in digestion every 
particle ingested. First, food reaches the stomach after being chewed and swallowed 
from mouth. The digestion of carbohydrates begins in the mouth with saliva while 
chewing, but continues in the small intestine because the acidic pH of the stomach 
inactivates the amylase enzyme that is responsible for breaking them down. In the 
small intestine, the digestion of carbohydrates ends to be absorbed, through the 
enterocytes, into the blood. Once the glucose molecules are absorbed into the blood-
stream, they reach the liver by traveling through the portal system. In the liver, they 
are partially stored as glycogen by the action of the insulin previously released in 
the pancreas. The rest of the glucose continues in the circulation, reaches the heart 
and all tissues and organs. Insulin concentrations are proportional to glucose con-
centrations due to this hormone make enter the glucose into the cells. In fact, insulin 
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concentrations released by the pancreas are usually higher than glucose concentra-
tions in blood. In this sense, the kidneys regulate glucose and insulin concentrations 
once these molecules reach them. Insulin is clearance in both, liver and kidneys, 
while glucose is produced from non-carbohydrates precursors in the postprandial 
state to compensate for the insulin excess in the blood. On the other hand, during a 
fasting period or a post-absorptive state, glucagon is released into the bloodstream 
by the pancreas and achieves the liver to dephosphorylate the glycogen into glucose 
to keep blood glucose levels in the healthy threshold. As can be seen from every-
thing mentioned above, blood glucose levels can be set at the desired threshold 
thanks to the joint work between all the organs of the human body, where they all 
play an important role in this regulatory system. Next sections.

2. Importance of glucose in the human body

Cells of the tissues in the human body use glucose, the simplest of the car-
bohydrates, as the main source of energy to carry out their metabolic processes. 
Despite this, glucose consumption should be moderate because an excess can trigger 
multiple metabolic disorders that can even be chronic. Carbohydrates start to be 
processed immediately they are ingested, i.e., its digestion begins in the mouth with 
the amylase in the saliva. Then, ingested food travels throughout the esophagus to 
the stomach. In the stomach, the enzyme amylase is inactivated due to acidic pH, 
so carbohydrates cannot continue to digest. Other nutrients such as protein and fat 
are partially digested in the stomach, about 5% and 20%, respectively [1]. Once the 
ingested food has the appropriate rheological properties, it passes through the pylo-
rus to reach the duodenum, the first part of the small intestine. In the duodenum, 
the bile produced from and gallbladder, is released to digest fats. The digestion of all 
nutrients ends in the small intestine by an additional intervention of the pancreas 
with the release of both pancreatic enzymes such as amylases, lipases, and prote-
ases, and hormones such as insulin and glucagon. The molecules produced during 
digestion are absorbed by the enterocytes into the bloodstream. The rest of the food 
that is not absorbed in the small intestine passes into the colon.

Once glucose is in the systemic circulation, insulin hormone helps it to enter into 
the cells. Inside the cells, glucose is broken down to produce adenosine triphosphate 
(ATP) molecules by means of glycolysis. ATP are energy-rich molecules that power 
numerous cellular processes. Therefore, a constant supply of glucose from the blood 
to the cells must be ensured. Negative feedback systems [2] are responsible to ensure 
blood glucose concentrations in a normal range of 70 to 110 milligrams of glucose 
per deciliter of blood ( /mg dL ) [3]. Negative feedback systems are mechanisms 
that perceive changes in the human body and activate mechanisms that reverse the 
changes to restore conditions to their normal levels. Furthermore, negative feed-
back systems are critically important in glucose homeostasis in the maintenance of 
relatively constant internal conditions. In this regard, negative feedback systems 
make the pancreas to produce and release more insulin when there is an excess 
glucose consumption. This fact, maintained over time, can cause disruptions in 
glucose homeostasis lead to potentially life-threatening such as insulin resistance 
and diabetes mellitus.

The body also use other sources of energy such as amino acids (building blocks 
of proteins) and fats. However, despite these alternative energy sources, a minimum 
level of glucose in the blood must be ensured mainly for the metabolic activities of the 
brain and nervous system. Glucose is the main source of fuel for the brain and nervous 
system. Nerve cells and chemical messengers need glucose to process information. On 
the other hand, the liver and muscles can store the leftover glucose in little bundles 
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called glycogen once the human body has used all the energy it needs. Glycogen works 
as a reserve fuel to be used during post-absorptive or fasting periods. Glycogenolysis 
is the biochemical process for converting glycogen to glucose in the liver. This process, 
together with the absorption of glucose in the small intestine after an ingested meal 
and the hepatic and renal gluconeogenesis, are the main factors to increase the levels 
of glucose in the blood. Sometimes, glucose levels in the blood can also go sky high 
under stressful conditions. Also, the High-Intensity Interval Training (HIIT) type of 
exercise is acknowledged to trigger (not completely understood) mechanisms able to 
rise the blood glucose levels. Contrary, the transport of the glucose into the cells by 
insulin action, physical exercise, and sometimes glycosuria (a condition characterized 
by an excess of sugar in the urine occurring under abnormal events when glucose 
homeostasis is impaired) are the main factors able to decrease blood glucose levels.

Regardless of the condition, the human body is designed to keep the level of glu-
cose in the bloodstream in healthy levels. However, when the glucose homeostasis is 
broken, diseases such as diabetes mellitus appear and persistent high blood glucose 
can lead generating acute complications such as diabetic ketoacidosis, retinopathy, 
diabetic nephropathy, neuropathy, and cardio-cerebrovascular disease. How does 
the body for regulating glucose levels in the blood? The next section introduces the 
glucose regulation cycle in detail and the role of every organ that is involved.

3. The glucose regulation cycle

Glucose homeostasis is the mechanism able to maintain the blood glucose levels 
near the range of 70 /mg dl  to 110 /mg dL  by the action of a complex interplay 
among organs, hormones, metabolic-systems, and neural control mechanisms. As 
mentioned above, glucose is the main source of energy by allowing essential cellular 
processes such as respiration, tissue repair, cell multiplication, to be carried out, 
among others. Production and release of pancreatic hormones, mainly insulin and 
glucagon, ensures the glucose regulation in the blood [3]. Figure 1 shows how the 
human body maintains glucose levels in a specific physiological range. Once carbo-
hydrates nutrients are ingested and enter the digestive tube, several enzymes begin 
to work to digest macronutrients, e.g., amylases trigger for polysaccharide break-
down. In this way, polysaccharides are converted into monosaccharides, 
smaller molecules able to be absorbed by enterocytes in the small intestine. 
Monosaccharides absorption leads to increased blood glucose levels in the blood-
stream. Simultaneously to this process, the incretin effect also occurs in which 
β-cells in the pancreas are stimulated by the action of GIP and GLP-1 hormones. 
Stimulation of β-cells drives the production and release of insulin, which increases 
the amount of GLUT4 glucose transporters in the cell membranes of different 
tissues [3]. Blood glucose concentrations also stimulate insulin production, and the 
hormones GIP and GLP-1 modulate it. As mentioned before, there are specialized 
molecules called GLUT to transport glucose from the blood into cells through cell 
membranes by diffusion. In this way, Excess glucose is eliminated from the 
blood, decreasing it. This process is represented in the figure with the plus sign. 
Therefore, glucose is transported within muscle and adipocytes cells, hepatocytes, 
neurons, etc., to be used as a source of energy. The liver is also answerable to sense 
blood glucose concentrations coming from the portal system and systemic circula-
tion. In the liver, enzymes known as glucokinase are responsible to sense glucose 
amount, stimulate its diffusion through the hepatocytes, and simultaneously 
produce glycogen from glucose excess. Glycogen is a multibranched polysaccharide 
of glucose used as glucose storage to be used during fasting periods as an energy 
source in the cells [4].
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During fasting periods, glucose levels in the blood decrease causing inhibi-
tion of insulin production in the pancreas by the action of hormones known as 
catecholamines [4]. Consequently, α-cells in the pancreas are stimulated to produce 
glucagon hormone that acts antagonistically to insulin. Glucagon makes a function 
on the different hepatocyte receptors triggering both the action of the phosphory-
lase enzyme and the glycogenolysis process. Glycogenolysis is the process in which 
glycogen is converted into glucose to increase blood glucose levels and recover the 
lack of glucose, setting its concentrations in the desired levels [5]. This is symbol-
ized in Figure 1 by the minus sign.

Diabetes Mellitus is a condition appearing when the glucose homeostasis is bro-
ken, that is, plasma glucose levels are no longer maintained at desired levels. This 
is mainly due to a deficit in the production of insulin from the pancreatic β-cells or 
from a resistance to the action of the produced insulin.

4. Main organs involved in glucose homeostasis

Although some organs need fatty acids to carry out their metabolic processes, 
most tissues in the human body use glucose as their main source of energy. Good 
glucose utilization depends on keeping blood glucose levels within range at all times 
and on the proper functioning of the glucose homeostatic mechanism. Several 
complementary physiological processes are involved in the glucose homeostatic 
mechanism. The gastrointestinal tract is responsible to produce and absorb glucose, 
the liver carries out biochemical reactions such as glycogenolysis, glycolysis, and 
gluconeogenesis, the kidneys filter, reabsorb, and in some cases excrete glucose, 

Figure 1. 
The glucose homeostasis in the human body.
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and they also produce glucose from non-carbohydrate precursors. The role of the 
main organs involved in the glucose regulation cycle is described below.

4.1 Pancreas

The pancreas is a special organ because has both endocrine and exocrine 
functions. Exocrine functions consist of the production and secretion of digestive 
enzymes whereas endocrine functions include production and secretion of hor-
mones. This chapter is primarily focused in the endocrine function given the 
crucial role on glucose homeostasis. Endocrine component of the pancreas consists 
of clustered cells forming the so-called islets of Langerhans. Islets of Langerhans 
are small island-shaped structures within exocrine pancreatic tissue representing 
only 1–2% of the entire organ [6]. The pancreatic islet endocrine cells include five 
different types that produce and release important hormones directly into the 
bloodstream: α  -cells produce glucagon, β -cells produce amylin-, C-peptide, and 
insulin [7], γ -cells produce pancreatic polypeptide (PP) [8], δ -cells produce 
somatostatin [7], and ε -cells produce ghrelin [9]. Two of the pancreatic hormones 
play an essential role in the regulation of the blood glucose levels are insulin, which 
acts to lower it, and glucagon, which acts to raise it [10]. The balanced antagonistic 
action between them, maintain the glucose concentrations within the narrow range 
of 4–6 mM  (70 to 110 /mg dL ) [6]. However, both hormones are inhibited by 
somatostatin [11]. Production and secretion of the hormones by pancreatic cells are 
stimulated by external signals such as nutrients intake, fasting, or stress. Blood 
glucose levels decrease during periods of rest such as sleep, between meals, or 
during fasting periods. In these cases, pancreatic α -cells release glucagon to drive 
glycogenolysis and gluconeogenesis processes. Unlike, in postprandial state, i.e., 
after a meal ingestion, insulin is released from β -cells in the pancreas to reduce 
blood glucose levels via glycogenesis [12–14]. Insulin is released on demand but is 
produced and stored in large, dense-core vesicles that are recruited near the plasma 
membrane into the β -cells in the islets of Langerhans after stimulation so that 
insulin is readily available to upcoming stimuli [15]. Glucose is the main signal to 
release insulin from the pancreas, but free fatty acids and amino acids can increase 
glucose-induced insulin secretion through the so-called incretin effect. As before 
mentioned, the incretin effect is originated in the intestinal tract (mainly duode-
num) once the food is ingested.

Insulin is a protein made up of 51 amino acids and when produced, it is first syn-
thesized as a single polypeptide known as preproinsulin. Preproinsulin is an insulin 
gene encoded in 110 amino acids that are then processed into proinsulin. Proinsulin 
undergoes maturation into active insulin through the action of two different types 
of cells. One of them cleaves at 2 positions, releasing insulin and a fragment known 
as C-peptide [16], in an equimolar ratio, into the bloodstream.

Insulin is released from β-cells in the pancreas in two phases, first one is triggered 
in response to glucose levels and second one is triggered independently of sugar. 
Glucose and insulin in the bloodstream work together to avoid glucose from going 
out of range. Thus, Glucose is removed from the circulation thanks to the ability of 
insulin to cause insulin-dependent tissues to take up glucose [17–19]. Additionally, 
insulin promotes lipogenesis [20, 21], and the incorporation of amino acids into pro-
teins [22] when it is in high concentrations. Different at low concentrations, which 
produce lipolysis in adipocytes, releasing free fatty acids by stimulating the use of 
lipids over glucose to satisfy energy needs at rest [23]. The release of insulin from 
β-cells is tightly regulated and exactly satisfies the metabolic demand for caloric 
nutrients in the body [16, 23]. Regarding C-peptide, it has been important to follow 
some insulin states that are difficult to measure [24].
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as C-peptide [16], in an equimolar ratio, into the bloodstream.
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4.2 Liver

The liver is perhaps considered the main blood glucose regulating organ in the 
human body because it functions in two different ways: controlling the rate of 
glucose absorption from the portal system and producing glucose from non-carbo-
hydrate precursors or glycogen. As a curious fact, the liver is the only organ being 
irrigated by venous and arterial blood simultaneously. Venous irrigation comes 
from the portal system, provides the 75% of the blood supply, and carries blood 
rich in nutrients that were absorbed from the small intestine through enterocytes 
and hormones that were released by the pancreas. On the other hand, 25% of the 
remaining hepatic blood supply is arterial supply and is oxygen-rich blood coming 
from the aorta [4]. Blood from terminal branches of the hepatic artery and portal 
vein at the periphery of lobules is emptied into low-pressure vascular channels 
called sinusoids. Sinusoids are lined with endothelial cells and flanked circumferen-
tially by plates of parenchymal cells-hepatocytes allowing the exchange of nutrients 
and oxygen between the blood and the hepatic cells [25]. Millions of sinusoids made 
up the lobules in the liver. Hepatocytes take up nutrients from blood in the sinusoid 
and once carry on all metabolic functions, return the substances resulting from the 
biochemical reactions to the blood via hepatic vein.

As mentioned earlier, the liver is a key organ in maintaining glucose concentra-
tions in the desired range over both post-absorptive and postprandial states1. In 
the liver, four biochemical processes regarding glucose metabolism take place: 
glucose production from glycogen (glycogenolysis) and from non-carbohydrate 
precursors (gluconeogenesis), glucose consumption during the postprandial state 
(glucolysis), and glucose storage from the formation of glycogen (glycogenesis). 
Glucose phosphorylation (formation of glycogen) and dephosphorylation (forma-
tion of glucose from glycogen) occurs through the action of insulin and glucagon, 
respectively. Hepatocytes express dozens of enzymes that alternately turn on and 
off depending on whether blood glucose levels are rising or falling outside the 
normal range [26]. In the post-absorptive state, the human body is under fasting 
and the body must rely initially on stored glycogen to supply with glucose to the 
central nervous system and simultaneously regulate plasma glucose concentrations. 
If the fast is prolonged, the glycogen stores end, and the glucose dosage in the liver 
depends only on gluconeogenesis. On the other hand, after an ingested meal, i.e., in 
the postprandial state, absorbed nutrients enter the liver first from hepatic portal 
vein. Consequently, glycogen concentrations in the hepatocytes are restored by 
taking up a portion of the ingested glucose, minimizing the fluctuations of glyce-
mia. In this case, gluconeogenesis is also occurring at a constant rate but the glucose 
output generated from glycogenolysis is suppressed. These result in a net switch 
from hepatic glucose output to hepatic glucose uptake [27].

Hepatic gluconeogenesis occurs by the action of additional groups of 
enzymes that are activated to start synthesizing glucose out of such precursors 
as amino acids and non-hexose carbohydrates such as glutamine, alanine, lactate 
and glycerol. Otherwise, the suppression of the glycogenolysis during the 
post-absorptive period and the activation of the glycogen synthesis during the 
postprandial period are mainly driven by stimulation of insulin secretion and 
suppression of glucagon secretion.

1 Postprandial state is the time frame after a meal or food intake. Postabsorptive state is the period 
following absorption of nutrients from the digestive tract, that is, is the time when enterocytes stop 
providing nutrients to the hepatic portal circulation. Fasting is the willing abstinence or reduction from 
some or all food, drink, or both, for a long period of time (˷ 8 hours).
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In addition to being the primary site of glucose utilization during the post-
prandial period and glucose dosing during the post-absorption period, the liver is 
the primary site of clearance of insulin in the human body [28, 29]. Although the 
kidneys are the main site of extrasplanchnic insulin clearance, with additional con-
tributions resulting from uptake and degradation by peripheral insulin-sensitive 
tissues, i.e., skeletal muscle and adipose tissue, the liver is the main organ respon-
sible for clearance of exogenous and in particular endogenous insulin [30]. Insulin 
clearance from the liver is a dynamic process that can be modified within a few 
days under conditions of changing energy and, in particular, carbohydrate intake 
and before major changes in basal insulin secretion [31]. However, during first-pass 
transit near to 50% of the portal insulin is removed in the liver [32]. Removal of 
insulin from circulation does not imply the immediate destruction of the hormone 
[33]. A significant amount of receptor-bound insulin is released from the cell and 
reenters the circulation [34].

Hepatic glucose uptake is maximally stimulated by conditions that mimic the 
postprandial state, such as portal venous hyperglycemia and hyperinsulinemia 
[35]. Once glucose reaches the hepatocytes, it is phosphorylated to glucose 6-phos-
phate to synthesize glycogen, among other metabolic pathways. The ability of the 
liver to store glycogen is limited, and when glycogen concentrations reach maxi-
mum capacity, the hepatocytes initiate a process known as lipogenesis. Lipogenesis 
is the synthesis of excess glucose into fatty acids [36].

In conclusion, during short periods of fasting, glycogenolysis is the predomi-
nant source of glucose released into the bloodstream. However, during prolonged 
periods of fasting, the glycogen store is gradually depleted and glycogenolysis 
decreases as glycogen stores are depleted. So, gluconeogenesis becomes the pre-
dominant source of glucose for the human body. This unique ability of the human 
liver to store and release glucose is crucial to supporting periods of fasting.

4.3 Kidneys

The kidneys are two bean-shaped organs that are primarily engaged in filtering 
the blood and excreting waste. Filtration is about cleaning the blood to send it back 
into circulation, maintaining an overall fluid balance, creating hormones that help 
make red blood cells, promoting bone health, and regulating blood pressure [37]. 
Recent studies have demonstrated that kidneys also play a central role in glucose 
homeostasis through utilization of glucose, glucose production, and glucose filtration 
and reabsorption via sodium glucose co-transporters (SGLTs) and glucose transport-
ers (GLUT-2). Moreover, the kidneys are an important site of insulin clearance from 
the systemic circulation, removing approximately 50% of peripheral insulin [34].

The kidneys have a super-specialized microscopic structural and functional 
unit called the nephron. Nephrons have the ability to distribute all functions in 
each of their parts. For example, the glomerulus is a network of small blood vessels 
known as capillaries located within Bowman’s capsule. Blood is filtered across the 
glomerular capillaries into Bowman’s space. These capillaries are multiple branches 
of the afferent arteriole but then converge at the efferent arteriole to exit the 
glomerulus and surround the renal tubules, including the proximal convoluted 
tubule, the proximal rectus tubule, the loop of Henle, the distal convoluted tubule, 
and the collecting ducts. Urine continually forms within the tubules to be excreted 
with waste products. Reabsorption, secretion, chemical reactions, and excretion 
also occur within the renal tubules [5].

The release of glucose occurs predominantly in the renal cortex, while the 
utilization of glucose is limited to the renal medulla. For this reason, the kidneys 
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can be considered as two separate organs [38–42]. The renal medulla has an appre-
ciable glucose phosphorylation capacity and, therefore, the ability to accumulate 
glycogen [42]. However, the kidney medulla consumes glucose anaerobically due to 
its low oxygen tension and low levels of oxidative enzymes, limiting the ability to 
produce glucose from glycogen. Consequently, lactate is the main metabolic end 
product of glucose taken up at the renal medulla, unlike carbon dioxide ( 2CO ) and 
water that are the end products of glucose uptake of aerobic energy requirements. 
In contrast, the renal cortex does not have appreciable glycogen stores [43] because 
has little glucose phosphorylation capacity but has a high level of oxidative 
enzymes like 6-phosphatase. Consequently, this part of the kidney does not take 
up and use much glucose, with oxidation of free fatty acids acting as the main 
source of energy [44]. Therefore, it is likely that glucose release by the normal 
kidney is primarily due to gluconeogenesis, that is, the synthesis of glucose-
6-phosphate from non-carbohydrate precursors such as glutamine, lactate, ala-
nine, glycerol, etc. [45], being glutamine the substrate with more specificity in the 
kidney but lactate the most abundant.

In addition, to its function both in the use and in the production of glucose, the 
kidneys contribute to the regulation of glucose in the blood by filtering and reab-
sorbing glucose. The glomeruli filter glucose once it reaches the kidneys, with other 
substances such as precursors and insulin, into the proximal tubules, where all the 
glucose is reabsorbed through the glucose transporting proteins present in the cell 
membranes within the proximal tubules [46], rendering the urine virtually glucose 
free. Before being reabsorbed, gluconeogenesis and glucose uptake occur. Glucose 
production is suppressed by insulin [45] or stimulated by non-carbohydrate 
precursors [41, 47]. An interesting fact is that GLUT-2 glucose transporters are 
independent of insulin and for that reason, the kidneys can continue their physi-
ological functions even in states of insulin deficiency [23].

As before mentioned, gluconeogenesis in the human body is mainly carried out 
by the liver and the kidneys. In the post-absorptive state, both liver and kidneys 
release glucose into the circulation in comparable amounts [48]. However, in the 
postprandial state, although overall endogenous glucose release decreases substan-
tially, renal gluconeogenesis increases by approximately twice liver gluconeogen-
esis. In this sense, the hepatic and renal glucose release into the circulation in the 
post-absorptive state correspond to the 25–30% and 20–25% of total glucose, 
respectively, while in postprandial state, hepatic gluconeogenesis is reduced by  
∼  80% and the release of glucose molecules generated via this pathway decreases 
as these molecules are largely directed into the formation of hepatic glycogen. As a 
consequence of these changes, renal gluconeogenesis increases accounts for ∼  60% 
of postprandial endogenous glucose release [49].

4.4 Gastrointestinal tract

The gastrointestinal (GI) tract is an organ system, consisting of the mouth, 
esophagus, stomach, and intestines, where humans ingest food, digest it to extract 
and absorb energy and nutrients, and expel the remaining waste as feces. However, 
the literature on glucose homeostasis includes the gastrointestinal tract as a com-
plete organ without taking into account the physiological functions and glucose 
consumption of the stomach and small intestine as separate organs involved in 
glucose metabolism.

Meal is ingested through mouth and enters in the stomach to be mixed. The rate 
at which nutrients pass from the stomach to the duodenum, i.e., crossing the 
pyloric valve, is known as the gastric emptying rate and is a key determinant of 
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postprandial glucose flow. In the fed state, glucose homeostasis becomes more 
complex as the gastrointestinal tract becomes a second source of exogenous 
glucose. Marked and rapid changes in glucose flux occur as a result of the consider-
able inflow of meal-derived glucose into the circulation [50]. The delivery of 
nutrients from the gastrointestinal tract occurs through an important rate limiting 
mechanical step in the form of gastric emptying rate: the rate at which the pylorus 
allows small boluses of gastric content to pass into the duodenum for downstream 
absorption. Importantly, neither insulin nor glucagon has direct effects on gastric 
emptying and exogenous glucose diffusion from the gastrointestinal tract [51]. 
However, the influx of glucose is accompanied by secretion of several other regula-
tory hormones of glucose including amylin from β -cells in the pancreas and 
glucose-dependent inhibitory peptide (GIP), glucagon-like peptide-1 (GLP-1), 
and cholecystokinin (CCK) from endocrine cells in the small intestine. Endocrine 
cells in the small intestine collectively influence glucose homeostasis via several 
mechanisms of action including regulation of insulin and glucagon responses, as 
well as the modulation of nutrient passage from the gastrointestinal tract to 
appropriate tissue stores [52–54].

A key contribution of the GI tract on glucose homeostasis is the incretin effect. 
This physiological response came from the observation that an oral glucose load 
results in an increased insulin response compared to the response seen when 
intravenous glucose administration replicates the same changes in plasma glucose 
[55, 56]. In other words, when glucose is ingested orally, an augmented β -cell 
response is observed as a result of a signal passed from the gut. The two hormones 
responsible for this effect are GIP and GLP-1. Both GIP, secreted from entero-
endocrine K-cells in the proximal small bowel, and GLP-1, secreted from enteroen-
docrine L-cells in the distal ileum and colon, have a strong insulinotropic effect 
[57]. Additionally, GLP-1 inhibits postprandial glucagon secretion in a glucose-
dependent manner, slows gastric emptying, and reduces food intake, contributing 
to postprandial glucose regulation [58]. Regarding the role of the stomach in the 
metabolism of glucose, the stomach must consume glucose to generate the energy 
necessary to mechanically carry out the digestion process. Although the consump-
tion of glucose in the stomach is relatively low, it can affect the concentration of 
glucose in the bloodstream.

4.5 Brain

The human brain depends on glucose as its main source of energy; neurons have 
the highest energy demand [59] of all types of cells in the human body, requiring 
continuous delivery of glucose from blood. Glucose metabolism provides the fuel 
for physiological brain function through the generation of ATP, the foundation for 
neuronal and non-neuronal cellular maintenance, as well as the generation of neu-
rotransmittersTherefore, tight regulation of glucose metabolism is critical to brain 
physiology. In this sense, the alteration of glucose metabolism in the brain is the 
basis of several diseases that affect both the brain and the entire organism. Glucose 
is required in the brain to provide the precursors of neurotransmitter synthesis 
and ATP to fuel their actions. Additionally, glucose is important for the brain’s 
energy demands unrelated to signaling. Cellular compartmentalization of glucose 
transport and metabolism are closely related to local regulation of blood flow, and 
glucose-sensing neurons govern the brain–body nutrient axis. Glucose metabolism 
is connected to cell death pathways by the glucose-metabolizing enzymes [60]. 
Thus, disruption glucose delivery pathways and metabolism leads to debilitating 
brain diseases.
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The brain uses about 120 g of glucose per day - 60-70% of the body’s total 
glucose metabolism. The brain has little stored glucose and has no additional 
sources of stored energy. Brain function begins to become seriously affected when 
glucose levels fall below ~ 40 /mg dL. Glucose levels significantly below this can 
lead to permanent damage and death. The brain cannot use fatty acids for energy 
(fatty acids do not cross the blood–brain barrier of the neurons), but ketone bodies 
can enter the brain and be used for energy in hypoglycemic conditions. In this 
sense, the brain can only use glucose, or, under conditions of starvation, ketone 
bodies (acetoacetate and hydroxybutyrate) for energy.

5. Conclusions

Glucose, as the main source of energy for the cells of the human body, is regu-
lated by the joint work of several organs. Each organ involved in this glucose regula-
tory mechanism plays an important role that cannot be disregarded. Metabolic 
disorders such as diabetes mellitus are supposed to only cause an alteration of the 
pancreas, but recent studies indicate that when a condition such as diabetes mellitus 
appears, the rest of the organs are also significantly affected. For this reason, it is 
important to have a healthy lifestyle both to prevent diseases that cause metabolic 
disorders if you do not have them or to have better control of blood glucose levels 
and prevent possible complications that these disorders can cause.
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The brain uses about 120 g of glucose per day - 60-70% of the body’s total 
glucose metabolism. The brain has little stored glucose and has no additional 
sources of stored energy. Brain function begins to become seriously affected when 
glucose levels fall below ~ 40 /mg dL. Glucose levels significantly below this can 
lead to permanent damage and death. The brain cannot use fatty acids for energy 
(fatty acids do not cross the blood–brain barrier of the neurons), but ketone bodies 
can enter the brain and be used for energy in hypoglycemic conditions. In this 
sense, the brain can only use glucose, or, under conditions of starvation, ketone 
bodies (acetoacetate and hydroxybutyrate) for energy.

5. Conclusions

Glucose, as the main source of energy for the cells of the human body, is regu-
lated by the joint work of several organs. Each organ involved in this glucose regula-
tory mechanism plays an important role that cannot be disregarded. Metabolic 
disorders such as diabetes mellitus are supposed to only cause an alteration of the 
pancreas, but recent studies indicate that when a condition such as diabetes mellitus 
appears, the rest of the organs are also significantly affected. For this reason, it is 
important to have a healthy lifestyle both to prevent diseases that cause metabolic 
disorders if you do not have them or to have better control of blood glucose levels 
and prevent possible complications that these disorders can cause.

© 2020 The Author(s). Licensee IntechOpen. 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. 
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Abstract

The proper management of impaired glucose tolerance (IGT) in pregnant 
women is important for both obstetricians and diabetologists as this condition is of 
interest to both obstetrics and internal medicine. Although nutritional interven-
tion along with insulin treatment is the mainstream approach of IGT treatment 
in pregnant women, exercise intervention is another important component of 
the IGT management. A pedometer is a useful tool for objective exercise evalua-
tion. Nonetheless, its application in the management of IGT in pregnant women 
is limited. On the other hand, with the widespread use of smartphones equipped 
with pedometer function, exercise by walking is easily monitored and utilised in 
both healthy pregnant women and pregnant women with obesity and impaired 
glucose tolerance. In this chapter, we review the present perspective on the use of 
a pedometer in the management of IGT in pregnant women by introducing our 
recently published work.

Keywords: pregnancy, impaired glucose tolerance, gestational diabetes mellitus, 
exercise, pedometer

1. Introduction

Followed by recent substantial progress in the field of IT, smartphones equipped 
with a pedometer function have enabled us to measure the amount of steps we take 
daily and to estimate a daily caloric expenditure, which are useful tools of health 
self-monitoring. Pedometer or pedometer-equipped smartphones might theoreti-
cally help improving health of the people with conditions such as obesity, locomo-
tive problems, and impaired glucose tolerance. Nonetheless, there are a few reports 
demonstrating the effectiveness of a pedometer in weight control and metabolic 
control in non-pregnant individuals as well as in pregnant women partly because the 
difficulties in the setting of quantitative outcome of the study or the special nature 
of the subjects those who are reluctant to exercise. The management of impaired 
glucose tolerance requires strict blood glucose control through a proper manage-
ment of diet and exercise. However, the difficulty in quantification of the amount of 
exercise may let obstetricians and internists to prefer too strict nutritional control or 
easier use of insulin. We believe that exercise quantification, which is an important 
part of glycemic control, might be beneficial for the management of impaired glucose 
tolerance. In this chapter, we review a recent report on the role of a pedometer during 
effective management of impaired glucose tolerance during pregnancy.
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2. Maternal weight gain during pregnancy

Women gain approximately 12.5 kg of body weight during pregnancy [1]. This 
increase is due to the uterus and its contents, i.e., the foetus, the placenta, and the 
amniotic fluid, but also due to enlarged breasts with the extracellular fluid. This 
compartmentalisation makes the assessment of obesity and weight gain difficult 
during a short period of pregnancy, which lasts 9 months. Weight gain during 
pregnancy is associated with offspring obesity and cardiometabolic traits in early 
childhood in a trimester-specific fashion [2]. Greater rate of gestational weight gain 
in the first trimester of pregnancy was associated with increased risk of overweight 
and obesity from 2 years to 4 years of age, high waist circumference, high sum of 
skinfold thickness and higher diastolic blood pressure at 4 years of age. In contrast, 
Greater rate of gestational weight gain during the second and the third trimesters 
was associated with greater risk of large-for-gestational age neonates [2]. Our group 
has recently reported that in hyperemesis gravidarum, in which maternal undernu-
trition occurs in the first trimester of pregnancy, the pattern of foetal head growth 
differs from that of the normal pregnancy [3]. Moreover, the weight gain in slim and 
obese women should not be the same because of the differences in their nutritional 
demands during pregnancy. Association of gestational weight gain with adverse 
maternal and infant outcomes has been demonstrated by the LifeCycle Project-
Maternal Obesity and Childhood Outcomes Study Group [4]. From this large scale 
meta-analysis of 25 cohort studies, they concluded that maternal prepregnancy 
BMI, and to a lesser extent gestational weight gain, are associated with risks of 
adverse maternal and infant adverse outcomes. Gestational weight gain ranges that 
were associated with lower risks for adverse outcomes were 14.0 Kg to less than 16.0 
Kg for underweight women, 10.0 Kg to less than 18.0 Kg for normal weight women, 
2.0 Kg to less than 16.0 Kg for overweight women, and 2.0 Kg or less than 6.0 Kg 
for grade I obese women [4]. The Institute of Medicine and National Research 
Council revised its guidelines for weight gain during pregnancy according to the 
prepregnant nutritional status estimated by the pre-pregnancy BMI [5]. In Japan, 
according to the Healthy Parents and Children 21 by the Health, Labour and Welfare 
of Japan Government, the weight gain guidelines are 10–12 Kg for women with a 
pre-pregnancy BMI less than 18.5 Kg/m2, 7–12 Kg for women with a pre-pregnancy 
BMI of 18.5 to 25 Kg/m2, and appropriate increase for those with prepregnant BMI 
over 25 Kg/m2 [6]. However, adherence to the gestational weight gain recommenda-
tions seems to be limited for obese women in preventing increased birth weights 
[7]. In addition, behavioural interventions by the healthcare providers for the obese 
women are practically complicated due to several factors such as educational levels, 
ethnicity, and socio-economical levels. In particular, weight control is of huge 
importance during pregnancy complicated with diabetes and gestational diabetes, 
in which obesity is strongly associated with their pathophysiology.

3. Carbohydrate metabolism during pregnancy

The energy metabolism of women changes dramatically during pregnancy, as 
sufficient nutrition for the foetus must be provided. The foetus is nourished through 
the maternal-foetal interface called the placenta, by which essential nutrients, 
including the main foetal energy source—glucose and oxygen, are transported 
from the mother to the foetus. In line, foetal waste products such as carbon dioxide 
are transported from the foetus to the mother via the placenta. Various hormones 
are involved in the promotion of insulin resistance. Prolactin (PRL) and human 
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placental lactogen (hPL) have been reported to suppress glucose uptake through 
the action of GLUT4 [8, 9]. Moreover, a study of the effect of oestradiol (E2) and 
progesterone (P4) on the action of insulin has shown that P4 suppresses insulin 
signalling and reduces glucose uptake through a step-wise process by reducing the 
amount of protein in the insulin receptor to suppress the transport of GLUT4 to cell 
membranes, downregulating the PI3-kinase-independent pathway [8, 9]. It has also 
been shown that insulin sensitivity is reduced through the suppression of tyrosine 
phosphorylation in insulin receptors via increased E2 blood levels that have been 
observed in the latter half of human pregnancy [8, 9].

4. Impaired glucose tolerance during pregnancy

As mentioned in the previous section, pregnancy itself is to some extent 
diabetogenic in its third trimester. Thus, women who are obese or relatively 
older when becoming pregnant may have a higher risk of developing glucose 
intolerance during pregnancy. This condition is known as gestational diabetes. 
Alternatively, a woman may have pregestational diabetes or undiagnosed diabetes 
until she becomes pregnant. In all of these cases, the foetus is over-nourished, 
which results in obesity in new-born babies with higher perinatal morbidity and 
mortality and a higher risk of developing diabetes in the near future in cases of 
gestational diabetes [9]. As mentioned previously, a special metabolic change 
of pregnancy let a pregnant women change into insulin-resistant condition. For 
this reason, the maximum insulin demand in the third trimester of pregnancy of 
prepregnant diabetic women with type I and type 2 diabetes mellitus are reported 
to be 1.5 times and 2 times higher than those of pre-pregnant demands, respec-
tively [10]. The fundamental approach in the management of impaired glucose 
tolerance in pregnancy is to keep blood glucose levels as close to the non-pregnant 
levels as possible [11]. There are two important factors which need to be consid-
ered when achieving this goal, namely energy intake and energy expenditure. 
Measurements of blood glucose levels, glycosylated haemoglobin or albumin are 
routinely employed for the monitoring of diabetic control [12]. However, suitable 
energy expenditure, in other words, suitable exercise has not been studied in 
detail to date.

5. Exercise and carbohydrate metabolism during pregnancy

Regular exercise is recommended during pregnancy. In 2009, The American 
College of Obstetricians and Gynaecologists recommended that in the absence 
of contraindications such as pre-existing medical complications and pregnancy 
complications, pregnant women should be encouraged to engage in regular, 
moderate-intensity physical activity for 30 minutes or more daily [13]. Antenatal 
lifestyle interventions including exercise and diet for obese women also improved 
infant adiposity as well as maternal lifestyle behaviours at 6 months postpartum 
[14]. There are some evidence suggesting that pregnant women who engage in 
recreational physical activity have 50% lower risk of gestational diabetes and 40% 
risk reduction for preeclampsia [15].

Studies concerning the relationship between exercise and blood glucose levels 
have shown that, in healthy individuals, moderate amounts of exercise increase 
gluconeogenesis in the liver and other organs by decreasing insulin levels and 
elevating glucagon levels [8, 9]. Eighty percent of the glucose is used by skeletal 
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muscles, making them the major user of carbohydrates in the body [9]. There are 
two pathways for the use of carbohydrates in the skeletal muscles. One is a pathway 
by which the GLUT4 that is present in muscle cells is transported to the surface of 
cell membranes (translocation) and glucose uptake then occurs when insulin binds 
with receptors on the surface of the muscle cell membranes [9]. The other pathway 
is one by which insulin-independent glucose uptake is made possible by transloca-
tion of GLUT4 by adenosine monophosphate-dependent protein kinase that is 
activated in conjunction with muscle contractions [9]. Although the GLUT4 on 
the cell surface disappears 2 to 3 hours after exercise, the turn-over of the trans-
location of GLUT4 is upregulated by the exercise in response to the same levels of 
blood insulin concentrations [9]. Furthermore, the gene transcription of GLUT4 is 
enhanced after 10 or more hours after exercise [9]. As a result, even though glucose 
from the blood is uptaken by skeletal muscles, blood glucose levels are almost unal-
tered. However, although patients with type 2 DM are able to increase the uptake 
of glucose into skeletal muscle through exercise, they experience a decrease in the 
blood glucose level through the suppression of gluconeogenesis in the liver due to 
hyperinsulinemia [9]. Further, post-exercise promotion of glycogen synthesis and 
insulin sensitivity causes a drop in blood glucose levels. Recently, participation of 
angiotensin-(1–7), a vasoactive peptide of the renin-angiotensin system is demon-
strated in enhanced skeletal muscle insulin sensitivity after a bout of exercise [16]. 
It is known that patients treated with insulin and hypoglycaemic agents are particu-
larly susceptible to hypoglycaemia from the day of exercise to the following day [8]. 
Similar to type 2 DM, carbohydrate metabolism switches into insulin resistance in 
the latter half of pregnancy. Therefore, one may speculate that the blood glucose 
levels might be influenced by exercise during pregnancy. However, Artal et al. mea-
sured the blood glucose levels, insulin concentrations, and glucagon concentrations 
in women in the third trimester of normal pregnancies before and after a 15-minute 
treadmill exercise. The results indicated that the post-exercise blood glucose level and 
insulin level did not change, but that the glucagon level was elevated [17]. In contrast, 
Soultanakis et al. showed that continuous prolonged exercise in pregnancy with about 
55% VO2 or higher could result in hypoglycaemia after 45–60 minutes of continuous 
exercise, suggesting the importance of appropriate exercise plans in the management 
of blood glucose levels in women with impaired glucose tolerance [18]. In line, Artal 
suggested that one moderate bout of exercise of 30–45 minutes/day and one bout 
of exercise after each meal to burn at least 200 kcal or more per day is effective in 
obtaining or maintaining euglycemia during pregnancy [17]. It is noteworthy that 
a regular programme of exercise before pregnancy appears to lower the risk of 
developing gestational diabetes mellitus (GDM) [19].

6. Application of a pedometer as an exercise-monitoring tool

A rationale for the application of a pedometer for exercise quantification has 
been tested in non-pregnant women using doubly-labelled water, a gold stan-
dard measurement of free-living energy expenditure with that of the accelerom-
eter. The study demonstrated that the accelerometer is an alternative objective 
tool for the evaluation of exercise quantitatively in non-pregnant individuals 
[20]. Furthermore, Harrison et al. compared the accelerometer and pedometer 
as well as the subjective exercise assessment questionnaire, the International 
Physical Activity Questionnaire (IPAQ ), showing that the pedometer was supe-
rior to the accelerometer and IPAQ in an objective assessment of exercise during 
pregnancy [21].
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7. Application of a pedometer as a health care improving tool

7.1 Non-pregnant condition

The application of a pedometer for health improvement has been examined in 
the non-pregnancy context. Richardson et al. reported a meta-analysis of pedom-
eter-based walking interventions and weight loss [22]. They searched 6 electronic 
databases and found nine studies which met their inclusion criteria. Those studies 
demonstrated that pedometer-based walking programs resulted in a modest amount 
of weight loss, on average 0.05 kg per week during the interventions. Mitsui et al.  
showed gender differences in the relationship between steps/day and BMI in 
Japanese adults [23]. Walker et al. showed that a 10,000 steps per day for 6 months 
resulted in a 3.0 cm loss in waist circumference, whereas there were no differences 
in body mass index among 142 subjects, including both genders [24]. The applica-
tion of pedometer was examined for ovulation induction along with administration 
of clomiphene citrate in overweight women with polycystic ovary syndrome with 
greater number of spontaneous ovulation and pregnancy [25]. With respect to the 
effect of exercise monitored with a pedometer on carbohydrate metabolism, Huus 
et al. showed that physical activity assessed with a pedometer in healthy school-
children at the age of 8 and 12 longitudinally improved insulin sensitivity and 
decreased fasting C-peptide irrespective of the BMI [26]. This report is interesting 
because they investigated the association of exercise monitored with pedometer and 
insulin sensitivity qualitatively.

7.2 Pregnant condition

The clinical use of pedometers in obese pregnant women has been a controver-
sial topic. Streuling et al. performed a meta-analysis on clinical trials which dealt 
with the application of a pedometer in the management of gestational weight gain 
[27]. Out of 1380 studies, they identified 12 trials that met their inclusion criteria. 
In seven trials, gestational weight gain was lower in the exercise group than in the 
control group, whereas five trials showed a lower GWG in the control groups. In 
Asia, Jiang et al. reported that pregnant women being physically active assessed by 
pedometer had less weight gain during pregnancy [28]. In this report, the activity 
levels were divided into 4 groups as sedentary (< 5000 daily steps), low active 
(5000–7000 daily steps), somewhat active (7500–10,000 daily steps) and active 
(≥10,000 daily steps). In accordance with Jiang’s report, Cohen and Koski reported 
that both more than 5000 steps/day assessed by pedometer and daily energy intakes 
within 300 kcal of estimated energy requirements minimised postpartum weight 
retention of healthy pregnant women [29]. Although the application of a pedom-
eter for the control of gestational weight gain seems controversial based on the 
abovementioned meta-analysis, one of the most important questions is related to 
the use of a pedometer by obese women, because they may be reluctant to exercise 
and that could be one of the reasons why they are obese. Even in a recent multi-
institutional study conducted in Australia which used a randomised controlled 
trial in order to assess a pedometer-based intervention to increase activity and reduce 
excessive weight gain in pregnant women, the conclusion of the study showed nega-
tive results with the notion that the improvement of compliance with activity data 
recording and behavioural interventions delivered [30]. However, there are promising 
reports on the use of a pedometer for the management of overweight and obese 
pregnant women by active intervention with individualised nutritional support and 
individual exercise plans. For example, one study described an intervention at  
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16 to 20 weeks of gestation in overweight and obese women. The average number of 
steps after the intervention was over 10,000, along with the intake of 2000 kcal/day. 
This approach resulted in the prevention of excessive weight gain as well as exces-
sive postpartum weight retention [31]. The study clearly demonstrated that both 
nutritional and exercise interventions are necessary in order to achieve reasonable 
outcomes in the management of glucose metabolism in obese pregnant women. In 
comparison of a smartphone pedometer with a reference pedometer, The Yamax 
Digiwalker, Tokyo, Japan, a smartphone pedometer is even superior at a low 
walking speed, suggesting a smartphone pedometer might be superior to pregnant 
women who are not expected to walk faster. [32]. So, there is no problem in using a 
smartphone pedometer instead of stand-alone pedometer.

8.  Application of a pedometer for the management of impaired glucose 
tolerance in pregnant women

It is reasonable to assume that walking quantified by a pedometer is beneficial for 
the management of impaired glucose tolerance not only in non-pregnant subjects 
but also in pregnant subjects. Dahjio et al. reported a study on pedometer-monitored 
walking for the management of glucose in non-pregnant individuals. They examined 
a 12-week aerobic exercise training program monitored with a pedometer in type 
II diabetic Cameroonian women [33]. The subjects showed a significant reduction 
in body weight, waist circumference, and mean glycaemia after 12 weeks of the 
program. However, no study so far has reported the use of a pedometer in pregnant 
women with impaired glucose tolerance. Hence, we examined the feasibility of using 
a pedometer to quantify the exercise intensity and the relationship between the 
amount of exercise and carbohydrate metabolism in pregnant women with impaired 

Figure 1. 
Citizen digital pedometer TW700, connected to a laptop computer. The pedometer was connected to a laptop 
computer through a USB cable to upload steps.

141

Application of a Pedometer for the Management of Impaired Glucose Tolerance in Pregnant…
DOI: http://dx.doi.org/10.5772/intechopen.93953

glucose tolerance employing a pedometer (Citizen Digital Pedometer TW 700 with 
high-sensitivity 3D acceleration sensor, CITIZEN SYSTEMS JAPAN CO., LTD, Japan) 
by which the recorded data of number of steps are stored chronologically for 30 

Figure 2. 
An example of the uploaded step data into a spreadsheet of Microsoft Excel.

Correlation 
coefficient

P value

Relation between no. of steps and 
pre-prandial blood glucose level 
immediately following walking

No. of steps, morning & BL −0.12 n.s.

No. of steps, afternoon & BD 0.28 n.s.

No. of steps, night & vds 0.25 n.s.

Relation between no. of steps and 
postprandial blood glucose level 
immediately following walking

No. of steps, morning & AB 0.06 n.s.

No. of steps, afternoon & AL 0.02 n.s.

No. of steps, night & AD 0.03 n.s.

Relation between total no. of steps 
per day and blood glucose level

Total no. of steps per day & vds 0.06 n.s.

Total no. of steps per day & 
following day FBS

−0.02 n.s.

Relation between no. of steps per 
day and following day FBS

Insulin: yes 0.003 n.s.

Insulin: no −0.03 n.s.

Relation between no. of steps 
and change in blood glucose level 
before and after

No. of steps, morning & AB-BL −0.12 n.s.

No. of steps, afternoon & AL-BD −0.24 n.s.

No. of steps, night & AD-vds −0.05 n.s.

No. of steps, night & AD-following 
day FBS

−0.01 n.s.

Total no. of steps per day & 
following day FBS-FBS

−0.08 n.s.

FBS: Pre-breakfast blood glucose, AB: After-breakfast blood glucose, BL: Pre-lunch blood glucose, AL: After-lunch 
blood glucose, BD: Pre-dinner blood glucose, AD: After-dinner blood glucose, vds: Bedtime blood glucose, n.s.: not 
significant.

Table 1. 
Comparison of number of steps and blood glucose levels in 1-day based (from Ref. [34], with permission).
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Comparison of number of steps and blood glucose levels in 1-day based (from Ref. [34], with permission).
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consecutive days [34]. The data stored in the pedometer are transferred through USB 
port of the computer and analysed chronologically (Figures 1 and 2). In a 24-hour 
time frame, there was no correlation between the number of steps walked and 
pre- or postprandial blood glucose level immediately after walking, nor between 
the average number of steps per day and the fasting blood glucose level on the next 
day (Table 1). However, the 4-week data showed that there was a negative correla-
tion between the number of steps per day and the change in HbA1c levels (Table 2). 
Moreover, there was a negative correlation between the average number of steps per 
day and change in the maternal body weight (Table 2). A 1-week based data from 
the subjects administered with insulin indicated that there was a negative correlation 
between the average number of steps per day and the total amount of insulin admin-
istered per day. Our results indicated that pedometer-monitored walking improved 
insulin resistance without affecting blood glucose levels just after the bouts of walking. 
In addition, carrying the pedometer may have self-promoting effect for sustaining the 
exercise for the women with impaired glucose tolerance by noticing the improvement 
in the changes in the body weight and HbA1c levels in response to her steps walked. 
To conclude, our report was the first to show the usefulness of a pedometer for the 
management of IGT in pregnant women. We plan to continue studying this issue in 
future studies with higher numbers of participants along with nutritional counselling. 
Further studies are anticipated in order to design appropriate pedometer-monitored 
exercise plans not only for the management of IGT in pregnant women but also for 
that of the obese pregnant women. Nowadays, so many kinds of applications for preg-
nant women dealing with weight control, nutrition, foetal movement, maternal heart 
rates, it would be worthwhile to develop applications for incorporating pedometer data 
with body weight, maternal heart rate, ultrasound foetometric data and the param-
eters of the blood glucose control for the women with impaired glucose tolerance.

Correlation 
coefficient

P value

Relation of no. of steps per day and 
amount of change in HbA1c (comparison 
of 4-week based data)

Entire pregnancy −0.43 0.0263

Second trimester −0.64 0.0330

Third trimester 0.24 n.s.

Relation between avg. no. of steps and 
amount of change in GA (comparison of 
4-week based data)

Entire pregnancy −0.38 n.s. 
(0.082)

Second trimester −0.57 n.s. 
(0.109)

Third trimester 0.24 n.s.

Relation between no. of steps per day 
and amount of change in maternal body 
weight (comparison of 2-week based data)

Entire pregnancy −0.49 0.0005

First trimester −1(n = 2) n.s.

Second trimester −0.76 0.0003

Third trimester −0.11 n.s.

Relation between no. of steps per day and 
average amount of insulin administered 
per day (comparison of 1-week based 
data)

Entire pregnancy −0.43 <0.0001

First trimester 0.69 n.s.

Second trimester −0.42 0.0111

Third trimester −0.52 0.0005

No. of steps per day for entire period and infant birthweight (SD score) −0.22 n.s.

HbA1c: haemoglobin A1c, GA: Glycoalbumin, n.s.: not significant.

Table 2. 
Comparison of average number of steps per day and all data items (from Ref. [34], with permission).
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9. Conclusion

With the widespread use of smartphones equipped with pedometer function, 
walking exercises are easily monitored and utilised not only in normal but also 
in pregnant women with obesity and impaired glucose tolerance. Furthermore, 
data including footsteps, and pulse rates if smart watch will be used together with 
smartphone and information of the foetal growth, comprehensive management of 
the exercise and body weight control will be achieved. Further studies are expected 
to assess how many steps per day and how many bouts are optimal for the best 
blood sugar and body weight control during pregnancy.

Acknowledgements

We would like to thank Editage (www.editage.jp) for English language editing.

Conflict of interest

No conflict of interest exists.

© 2020 The Author(s). Licensee IntechOpen. 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. 



Sugar Intake - Risks and Benefits and the Global Diabetes Epidemic

142

consecutive days [34]. The data stored in the pedometer are transferred through USB 
port of the computer and analysed chronologically (Figures 1 and 2). In a 24-hour 
time frame, there was no correlation between the number of steps walked and 
pre- or postprandial blood glucose level immediately after walking, nor between 
the average number of steps per day and the fasting blood glucose level on the next 
day (Table 1). However, the 4-week data showed that there was a negative correla-
tion between the number of steps per day and the change in HbA1c levels (Table 2). 
Moreover, there was a negative correlation between the average number of steps per 
day and change in the maternal body weight (Table 2). A 1-week based data from 
the subjects administered with insulin indicated that there was a negative correlation 
between the average number of steps per day and the total amount of insulin admin-
istered per day. Our results indicated that pedometer-monitored walking improved 
insulin resistance without affecting blood glucose levels just after the bouts of walking. 
In addition, carrying the pedometer may have self-promoting effect for sustaining the 
exercise for the women with impaired glucose tolerance by noticing the improvement 
in the changes in the body weight and HbA1c levels in response to her steps walked. 
To conclude, our report was the first to show the usefulness of a pedometer for the 
management of IGT in pregnant women. We plan to continue studying this issue in 
future studies with higher numbers of participants along with nutritional counselling. 
Further studies are anticipated in order to design appropriate pedometer-monitored 
exercise plans not only for the management of IGT in pregnant women but also for 
that of the obese pregnant women. Nowadays, so many kinds of applications for preg-
nant women dealing with weight control, nutrition, foetal movement, maternal heart 
rates, it would be worthwhile to develop applications for incorporating pedometer data 
with body weight, maternal heart rate, ultrasound foetometric data and the param-
eters of the blood glucose control for the women with impaired glucose tolerance.

Correlation 
coefficient

P value

Relation of no. of steps per day and 
amount of change in HbA1c (comparison 
of 4-week based data)

Entire pregnancy −0.43 0.0263

Second trimester −0.64 0.0330

Third trimester 0.24 n.s.

Relation between avg. no. of steps and 
amount of change in GA (comparison of 
4-week based data)

Entire pregnancy −0.38 n.s. 
(0.082)

Second trimester −0.57 n.s. 
(0.109)

Third trimester 0.24 n.s.

Relation between no. of steps per day 
and amount of change in maternal body 
weight (comparison of 2-week based data)

Entire pregnancy −0.49 0.0005

First trimester −1(n = 2) n.s.

Second trimester −0.76 0.0003

Third trimester −0.11 n.s.

Relation between no. of steps per day and 
average amount of insulin administered 
per day (comparison of 1-week based 
data)

Entire pregnancy −0.43 <0.0001

First trimester 0.69 n.s.

Second trimester −0.42 0.0111

Third trimester −0.52 0.0005

No. of steps per day for entire period and infant birthweight (SD score) −0.22 n.s.

HbA1c: haemoglobin A1c, GA: Glycoalbumin, n.s.: not significant.

Table 2. 
Comparison of average number of steps per day and all data items (from Ref. [34], with permission).

143

Application of a Pedometer for the Management of Impaired Glucose Tolerance in Pregnant…
DOI: http://dx.doi.org/10.5772/intechopen.93953

Author details

Mariko Ueno1, Mitsue Muraoka2 and Koichiro Takagi3*

1 Department of Obstetrics and Gynecology, Tokyo Women’s Medical University 
Medical Center East, Tokyo, Japan

2 Department of Obstetrics and Gynecology, Shiseikai Daini Hospital, Tokyo, Japan

3 Saigusa Maternity Clinic, Tokyo, Japan

*Address all correspondence to: kotak0821@gmail.com

9. Conclusion

With the widespread use of smartphones equipped with pedometer function, 
walking exercises are easily monitored and utilised not only in normal but also 
in pregnant women with obesity and impaired glucose tolerance. Furthermore, 
data including footsteps, and pulse rates if smart watch will be used together with 
smartphone and information of the foetal growth, comprehensive management of 
the exercise and body weight control will be achieved. Further studies are expected 
to assess how many steps per day and how many bouts are optimal for the best 
blood sugar and body weight control during pregnancy.
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