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ABSTRACT 

To investigate effects of glucose, hc tose  and sucrose on postprandial glucose and 

insulin responses, eight healthy subjects consumed 25, 50 and 100 g of glucose, sucrose 

and white bread and 25 and 50 g of tî-uctose on separate occasions following overnight 

fasts. 

Postprandial plasma glucose responses areas (AUC) were significantly influenced 

by carbohydrate type (pc0.008) and dose (pc0.003). Mean glucose AUC for glucose, 

white bread, sucrose and hctose  (al1 doses combined) were 2 19.6, 156.0, 125.7 and 1 1.3 

mmolminll. Mean glucose AUC for 25, 50 and 100 g doses (glucose, sucrose and white 

bread combined) were 105.5, 166.8 and 228.9 mmo IrnidL. Postprandial plasma insulin 

AUC was significantly influenced by dose (p<0.002). Mean insulin AUC for 25, 50 and 

100 g doses (glucose, sucrose and white bread combined) were 6.6, 12.3 and 25.5 

nmolmidl. 

It was concluded that glucose, mictose and sucrose did not produce inappropriate 

insulin responses in normal subjects. 

viii 



CHAPTER ONE 

Introduction and Literature Review 



1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

The role that sugars play in the diet and their relationship to a range of health 

concems is an area of tremendous interest in nutritional sciences ( 1 ) .  There is a 

popular conception that sugar consumption is harmful for health. Consequently, 

there are many people who would advocate the restriction of sugars in the diet. 

The belief that sugars uniquely raise blood glucose levels is the basis for 

rnany clinical interventions and medical hypotheses (2) .  For instance. the use of 

glucose and glucose-containing simple sugars has been restricted in the diets of 

patients with diabetes (3). This is grounded prirnarily on the premise that sugars 

cause rapid rises in blood glucose concentrations (3 ,  4). The rationale is that mono- 

and disaccharide sugars such as glucose and sucrose are more readily available for 

immediate absorption, thus producing a greater and faster rise in postprandial plasma 

glucose and insulin responses, in contrast to the supposedly slower and more gradua1 

absorption of more complex carbohydrates such as starch (5, 6). This is particularly 

relevant in the management of diabetes where there is an important need to prevent 

rapid fluctuations in blood glucose concentrations for the purpose of reducing acute 

and long term complications (3). In addition, elevated plasma insulin levels are 

associated with an increased incidence of cardiovascular disease in both normal and 

diabetic individuals (7). 



However, many of  the studies which support the belief that simple sugars are 

more rapidiy digested and absorbed than complex carbohydrates have limitations. 

Furthemore, a number of  more recent studies have shown that even some cooked 

starches cause glycemic responses that are similar to, or only slightly less than the 

glycemic response to glucose, and that are the same or  greater than that observed 

with sucrose (8). 

The aim of the present work is to compare the glucose and insulin responses 

of different doses of glucose, fructose and sucrose relative to a starchy carbohydrate 

such as white bread. 



1.2 LITERATURE REVIEW 

1.2.1 Trends in Sugar Consumption 

The optimum level of sugar in the diet is unknown. Sugars refers to the 

mono- and disaccharides such as glucose, fructose and sucrose. which are both added 

and naturally occurring in the human diet. A major issue of debate in human 

nutrition is the effect of the level of sugar intake on certain aspects related to health 

(9). In western populations, sugar intake is considered to be quite high and shows 

little inclination to decrease (9, 10). In developing populations, sugar intake is 

increasing considerably ( 1 1 ). 

According to data from the 1987-1988 US Department of Agriculture 

Nationwide Food Consumption Survey, the mean percent of energy from total sugars 

(mono- and disaccharides) not including lactose is 18% in the United States. 

Amongst nations of the European Union, energy from total sugars ranges from 8.0% 

up to 2 1.2%. with a mean value of 15.2% ( 12). 

The profile of sugars consumption is also undergo ing some transformai ion. 

The development of new types of commercial sweeteners is rapidly changing the 

pattern of sugar usage (13). One of the most important changes has been the amount 

of free fmctose in the diet. Until more recently, free fructose was found in relatively 

small amounts in the diet, with most fructose coming in glycosidic linkage with 

glucose to make up sucrose (14, 15), the main sugar in our diet. However, due to the 

introduction of high-fmctose corn sweeteners in manufactured foods and for home 

use, fructose is quickly becoming a major dietary component ( 1  3, 16). 



1.2.2 Dipestion and Absor~tion of Carbohvdrate 

Dietary carbohydrate is a major component of the human diet and thus. the 

alimentary tract is well adapted for carbohydrate digestion and the subsequent 

absorption of the resulting end products (17). In general, the diet provides a wide 

assortment of carbohydrate species, ranging from mono-. di- and oligosaccharides to 

polysaccharides ( 1 8). The monosaccharide is generally believed to be the 

fundamental unit of carbohydrate absorption. Consequently, a major function of the 

small intestine is to hydrolyze those components of the carbohydrate in the diet into 

their constituent absorbable monosacchar ide units ( 1 9). 

Digestion of available polysaccharides such as starch begins in the mouth with 

the action of salivary amylase ( 1  8, 20). Further hydrolysis is extremely limited in the 

stomach (1  7, 18). The majority of the hydrolysis of starches however, takes place in 

the small intestine by the action of pancreatic a-amylase, producing a whole range of 

molecular fragments ( 18). The continued breakdown of these newly formed 

fragments occurs on the enterocytes' bmsh borders where surface enzymes are 

located. These carbohydrases are built right into the surface membranes of the 

microvilli of mature enterocytes, effectively breaking down the larger dietary 

molecules into absorbable monosaccharides (1  7). 

Disaccharides are generally broken down into their constituent 

monosaccharide units prior to absorption (1 8). Sucrose, a major disaccharide in the 

human diet, is efficiently hydrolyzed by the disaccharidase sucrase, which is found 



on the brush border of the intestinal mucosa, into its component fmctose and glucose 

moieties ( 19). 

Under normal circurnstances the ingestion of monoaccharides usually 

accounts for only a small portion of dietary sugars intake (2 1 ) .  As monosaccharides 

are of a molecular size that permits them to cross the mucosal cell membranes by 

simple diffusion, they do not undergo further hydrolysis prior to absorption ( 1 8). 

The rationale for the restriction of simple sugars from the diet in favour of 

starchy carbohydrates is based largely on the belief that sugars such as glucose and 

sucrose produce a greater and faster rise in postprandial glucose and insulin 

responses because they are more readily available for absorption. In contrast, 

starches were thought to produce more gradua1 postprandial glucose and insulin 

responses because they were considered to be more slowly digested and absorbed (5). 

However. this rationale is rather problematic since other lines of investigation have 

found that starch and glucose are actually assimilated at a similar rate (5). In fact, 

studies such as one by Dahlqvist and Borgstrom in 1961 found that sufficient 

amounts of intraluminal amylase were present to rapidly hydrolyze ingested starch 

(22). A further study by Fogel and Gray in 1973 concluded that it was absorption. 

and not intraluminal digestion that was the rate-limiting step in the starch 

assimilation process (23). 

The products of carbohydrate hydrolysis can then be absorbed across the 

epithelial lining of the mal1 intestine via three processes: simple diffusion, 

facilitated diffusion and active transport. Absorption of monosaccharides into the 



blood Stream involves movernent from the bulk phase across the "unstirred layer" to 

the enterocyte's surface, movement across the bmsh border membrane, movement 

across the cytoplasm and finally. exit via the basolateral membrane ( 17). The general 

consensus is that the movement of monosaccharides that form in the bulk phase of 

the luminal fluid occurs via simple diffusion by way of accordance with their 

concentration gradient (17). Once at the surface of the enterocyte. the hexoses can 

cross the membrane by simple diffusive movement. However, since this alonc would 

be inefficient for the assimilation of large amounts of hexoses produced form a 

carbohydrate-rich meal, specific transfer mechanisms of facilitated diffusion and 

active transfer are thought to corne into play (24). 

Although free glucose is not the primary component of sugars entering the 

small intestine. the production of glucose through hydrolysis of various disaccharides 

means that glucose is the major monosaccharide entering the enterocyte and 

eventually into the cir.culation (18). Glucose is believed to move across the 

enterocyte bmsh border by active transport via a carrier-mediated cotransporter 

system that is sodium-dependent (17, 18, 24, 25, 26). I t  has been established that 

glucose and galactose are absorbed by a shared active transport system located at the 

bmsh border membrane of the enterocyte (2 1). 

In contrast, the absorption of fructose is believed to be via carrier-mediated 

facilitated diffusion (18, 19, 27, 28, 29). Although there is also some speculation 

that in some species fructose is actively transported by an energy- and sodium- 



dependent mechanism separate from the glucose-galactose cotransporter. at present 

there is no evidence to support the existence of the active transport of fructose in 

humans (18, 28). Fructose absorption from sucrose or in the presence of glucose 

appears to be more complete than absorption of fnictose alone ( 14. 29, 30, 3 1 ). The 

exact mechanism by which the addition of glucose enhances fnictose absorption is 

still under investigation. A number of possibilities have been postulated, namely 

solvent drag induced by the water absorption stimulated by glucose ( 19), a direct 

stimulating effect of glucose on the intracellular conversion of fructose in the 

mucosa, or the possible activation of the fnictose carrier (29). 

Once the hexose enters the enterocyte, either by facilitated diffusion or active 

transport. it is believed to remain free and osmotically active, able to diffuse across 

to the basolateral membrane. Hexoses in the enterocytes move across and enter the 

blood circulation by diffusion and a facilitated transfer process that is sodium- 

independent (24, 25 26). The glucose transporters located at the basolateral 

membrane are part of a family of facilitated glucose transporters of which there are 

five different isoforms. These molecules transport glucose and closely related sugars 

down their concentration and into the circulation (26). 

1.2.3 Effects of Supars on Plasma Glucose 

Sugar is beiieved to cause rapid rises in blood sugar concentrations and for 

this reason, sugars of a11 kinds have been restricted in the diets of most diabetic 

patients. The primary goal in the dietary management of diabetes mellitus is to 



optimize glycemic control, while minimizing the risk of hypoglycemia in people 

treated with insulin. Tight regulation of blood glucose within narrow limits reduces 

the risk of complications, both acute and long-term (3). This belief that sugars 

rapidly raise blood glucose concentrations is based largely on Allen's work in the 

1920s, which showed that pancreatectomized dogs exhibited greater amounts of 

glucose in the urine after ingestion of glucose than after starch ingestion (4). The 

conclusion was that glucose, when compared with the complex carbohydrate starch, 

results in a more rapid rise in blood glucose Ievels and was subsequently expanded to 

include al1 simple sugars, including table sugar, sucrose. This belief continues to 

persist even today. Yet, one might argue that it is not possible to extrapolate the 

results from glucose to other sugars such as sucrose or fnictose. 

A study by Macdonald et al. in 1978 looked at the blood metabolites of nine 

healthy young men after glucose. sucrose. fructose, and sorbitol were given at 0.25. 

0.5, 0.75 or 1.0 g/kilogram of body weight. The results showed that the mean 

increase in blood glucose following fructose ingestion was much lower than that of 

glucose or sucrose, only approaching significance at doses after 0.5 and 0.75 g/kg of 

body weight, but not at the 0.25 g/ kg of body weight dose level. The mean change 

in serum glucose following sucrose ingestion was slightly, though not significantly, 

less than that following glucose ingestion, despite the fact that only half the amount 

of glucose is present in sucrose when compared to an equal weight of glucose (32). 

However, the volunteers in this study were the same within, but not between the 

carbohydrates. Given the high variation in plasma glucose response within an 



individual, there is some difficulty in making cornparisons of responses of different 

sugars between different groups of subjects. This further emphasizes the need to 

examine the responses to different doses of different sugars while maintaining the 

same block of subjects. Nonetheless, other studies have also shown that fructose 

tends to produce much lower blood glucose and insulin responses in cornparison to 

glucose, with the response to sucrose, which consists of glucose plus fructose, being 

intermediate (8, 33, 34). 

In addition, many of the studies which support the belief that simple sugars 

are more rapidly digested and absorbed than complex carbohydrates have limitations. 

For instance, a study by Crapo et al. in 1976 compared the plasma glucose and 

insulin responses of healthy subjects to oral loads of glucose. sucrose and starch. 

The conclusion from the study was that starch elicited much lower glycemic 

responses in cornparison to glucose or sucrose (5). However. the use of uncooked 

starch in this study may account for the results seen (3). Raw starch tends not to be 

as readily hydrolyzed and is thus, more slowly absorbed than cooked starch (35). 

More current studies have actual ly shown that even some coo ked starches 

such as bread, rice and potato cause glycemic responses that are similar to. or only 

slightly Iess than the glycemic response to glucose, and that are frequently the same 

or greater than that observed with sucrose (8). In 1981. the glycemic index as a 

system of classification of foods according to their blood glucose responses was 

proposed. Since then the glycemic responses of approximately 200 foods have been 



classified, with a wide range of glycemic responses observed for both starchy foods 

and foods containing sugars (8, 36, 37, 38). 

1.2.4 Effects of Sugars on Plasma Insulin 

Insulin is the main pancreatic hormone which tightly regulates glucose in the 

blood. In normal individuals. the response to increased plasma glucose levels is an 

increase in the secretion of insulin from p-cells of the pancreatic islets. This increase 

in circulating insulin levels leads to stimulation of glucose transport into peripheral 

tissues. while inhibiting hepatic gluconeogenesis (39). 

The preconceived belief is that sugars cause greater postprandial insulin 

responses. Looking at the effects of sugars on blood insulin is especially important 

because elevated plasma insulin levels have been implicated in the pathogenesis of 

atherosclerosis. Furthemore, high insulin may also play a role in exacerbating 

insulin resistance, which is a central feature of diabetes, abdominal obesity, 

hypertriglyceridemia and hypertension (7). Evidence suggests that for starchy foods, 

the plasma insulin response is related to the glycemic response (40, 41), and that in 

fact, the consumption of low glycemic index starchy foods appears to reduce insulin 

secretion in normal and diabetic subjects (42, 43). This relationship, however, may 

not hold tme for sugars because it has been suggested that fructose and sucrose, 

which contains fructose, may cause high insulin responses (44). Elevated insulin 

may, in tum, stimulate hepatic lipid synthesis and thus, be one of the mechanisms by 



which fructose and sucrose increase serum cholesterol and triglycerides in 

susceptible populations (45, 46). 

There is evidence under certain experimental conditions that fructose and 

sucrose do increase blood insulin concentrations. Reiser's group has shown that 

consuming rnoderate amounts of fnictose or sucrose for 5-6 weeks increases insulin 

responses to a sucrose load (45. 47). However, it is crucial to point out that in these 

studies subjects consumed 90% of daily energy in one meal in the evening. This type 

of gorging meal pattern is associated with impairment of glucose tolerance (48) and 

may not be an ideal mode1 for studying the effects of sucrose or fructose. Also. a 

nibbling paradigm, as opposed to the gorging rneal pattern, has been linked wiih a 

reduction in blood lipids (49). In both studies, the oral sucrose tolerance tests were 

done in the evening after an 8 hour fast during the day. As this is not a typical eating 

pattern. it  may result in different effects than those observed for tests done in the 

moming after an ovemight fast, which is generally the time most investigators study 

postprandial effects. 

Reiser's group has also tested the effect of consuming a very large amount of 

fnictose (1.75 glkg body weight) 20 minutes following initial test meals of 1 glkg 

glucose or 0.9 g/kg starch (44). This study showed that consurning fructose, 

compared to the same premeal without fructose, raised serum insulin responses 

without raising blood glucose. It  was concluded that fructose can be insulinogenic in 

humans. However, as al1 carbohydrates are insulinogenic, this study does not allow 



the determination of whether fmctose is more insulinogenic than other carbohydrates 

fed in the same manner. Most studies investigating the effects of equal amounts of 

different sugars on postprandial glucose and insulin have shown that fructose tends to 

produce lower glucose and insulin responses than glucose and sucrose (33, 36). The 

only exception was in patients with poorly controlled diabetes where no difference 

between fructose and sucrose was seen (50). In this situation it is possible that thcre 

is increased hepatic glucose output since fructose would provide a good substrate for 

hepatic glucose production (5 1 ). 

1.2.5 Effects of Amount and Tvpe of Carbohydrate on Plasma Glucose and 

Insulin 

Glucose and insulin responses are dependent upon the type and dose of 

carbohydrate. Thus, increasing the arnount of carbohydrate consumed increases 

blood glucose and insulin responses. The exact shape of the dose-response curve 

depends upon a number of methodological variables including, for example, how the 

area under the curve is calculated (52). Gannon et al. tested various doses of glucose 

up to 50 g and found nearly linear increases in glucose and insulin responses (53). 

However, normal meals commonly contain more than 50 g of carbohydrate. 

Therefore. Jenkins et al. examined the effects of O- 100 g doses of carbohydrate from 

glucose, bread and lentils on blood glucose response and discovered that the 

glycemic response tends to increase nearly linearly up to 50 g of carbohydrate, but at 



a dose level between 50 and 100 g carbohydrate there was only a srna11 additional 

increase in the blood glucose response area (8). 

A study by Claudia Bolognesi in 1995 formulated mathematical models for 

the prediction of glucose and insulin responses for different starchy carbohydrate 

foods, based on the dose and gIycemic index of the carbohydrate. These 

mathematical models were derived from the glucose and insulin responses of 

different starchy carbohydrate foods in normal subjects. The mathematical model for 

the prediction of relative glucose responses was determined to be GR= 1 .SxGI( 1 -e- 

O . O I 8 l x  
), where x=dose of the carbohydrate consumed and GI=glycemic index. This 

model accounted for 94% of the variance of the mean relative glucose responses for 

the fourteen different test meals (pc0.0001). The mathematical mode1 for the 

prediction of relative insulin responses was determined to be IR=2.9xII(l-e -0.007X~ 
)+5, 

where x=dose of the carbohydrate consurned and II=insulinemic index. This 

mathematical model accounted for 95% of the variance of the mean relative insulin 

responses for the fourteen test meals (p<0.0001). An equation to describe insulin 

responses based on the glycemic responses was obtained by multiple linear 

regression: I I=CI~O.~+GI 'XO.OO~.  Thus, by substituting for the term 11, the equation 

used to predict the relative insulin response as a function of the glycemic index of the 

food was: 1~=2.9x(~1x0.6+~1'x0.003)x (1 -e -0.0078 x )+S. This equation accounted for 

9 1 % of the variance of the mean relative insulin responses for the fourteen test meals 

(p<O.OOO 1 ) (54). 



1.2.6 Health Aspects Related to Sugars Intake 

1 L6 . l  Introduction 

Dietary sugars are normally a significant source of out- daily energy intake. 

thus highlighting the importance of examining their effects on various aspects of 

health (15). The popuiar consensus is that sugars consumption is harmfui to health. 

Many studies have been done to look at possible associations between sugar intakes 

and certain health concerns such as the causation of dental caries and behavioural 

disturbances in children, reduction of nutrient intakes, and the development of 

conditions such as obesity, diabetes and h a r t  disease ( 15). 

1.2.6.2 Intake and Nutrient Content in the Diet 

One of the major concems of a high sugar intake is that it may displace 

important nutrients, vitamins and minerals frorn the diet. Some recent studies have 

been carried out to address this concern. The general conclusion was that high sugar 

intakes were not consistent1 y associated with lower intakes of vitamins and minerals. 

For instance, a study on English adolescents found that when sugars intake was 

expressed as weight, energy intake and consumption of most nutrients were 

considerably higher in those eating high levels of added sugars ( 1  1). Other studies 

have also found similar results (55, 56, 57). It seems that the dilution effect o f  sugars 

in the diet is only a more relevant concern in those individuals with very low energy 

intakes who choose to eat a lot of sugars (9). The 1987-1988 US Department of 

Agriculture Nationwide Food Consumption Survey found that moderate consumers 



of sugars tended to have the most adequate micronutrient profiles. Hence. 

consuming Iower levels of sugars did not necessarily guarantee a more adequate 

nutrient profile, nor did high levels of sugars consumption automatically result in 

inadequate micronutrient intakes ( 12). 

1.2.6.3 Supars Intake and the Development of Obesitv 

Another of the health concerns of high sugars intake is the belief that it may 

contribute to the development of obesity. However, research has provided 1 ittle 

evidençe to substantiate this claim. In fact, obesity appears to be less prevalent 

arnongst individuals with higher levels of sugar consumption. A study by Lewis et 

al. in 1992 failed to find a connection between increases in body weight and high 

intakes of added sugars (58). This result was in agreement with observations of other 

researchers who had previously shown little association between high sugars intake 

and increased body weights (59, 60). 

1.2.6.4 Supars Intake and Diabetes, Glucose Tolerance 

Diets high in sugars have also been thought to play a direct role in the 

causation of diabetes. There is no strong evidence to support such a claim ( 1  5, 6 1). 

However, there is a growing concem with regard to diets high in sugars and giycemic 

regulation. This is primarily due to the fact that one of the principal aims in the 

dietary management of diabetes mellitis is to enhance blood glucose control in order 

to reduce the risk of development of acute and long-term complications (3, 61). 



Consequently, the potential for negative chronic effects on glycemic reguiation is a 

frequently expressed concern, as well as concurrent changes in insulin and other 

glucoregulatory hormone response patterns (15). Impainnent of glucose tolerance is 

a major risk factor for the development of diabetes mellitis. In addition, an abnormal 

insulin response to a glycemic stress is considered to be one of the earliest detectable 

signs associated with diabetrs (62). 

Thus, a high sugars consumption level has been rigorously studied as a 

possible contributor to impairment of glucose tolerance. Studies of the effects of 

dietary sucrose on glucose tolerance in humans have been inconclusive (62). Somr 

feeding studies have demonstrated a negative effect on glucose tolerance when 

sucrose replaces starch in the experimental diet (62, 63). Yet, other studies have 

shown no significant effect on glucose tolerance when the dietary carbohydrate starch 

is exchanged for sucrose (64, 65). These contradictory findings are probably due in 

part to the differences in the experimental conditions (66). 

In addition, fructose has often been suggested as a possible sugar that may be 

safely consumed by diabetics (66). According to a review by Bantle (67). a number 

of studies assessing the use of dietary hc tose  in diabetic patients have shown no 

adverse effects on glycemic control (68, 69, 70). With respect to sucrose, the 

exchange for starch in the diet in diabetic patients did not result in significant 

differences in any of the rneasures of glycemic control (69, 70). 

Thus, according to the Sugars Task Force Report, 1986, human studies have 

shown that currently, there is no persuasive scientific evidence that sugars at current 



consumption levels in the U.S. population are an independent risk factor for the 

development of glucose tolerance ( 15). Although there is some evidence to suggest 

the existence of a carbohydrate-sensitive subset of individuals that can demonstrate 

impaired glucose tolerance and adverse effects on insulin metabolism. feeding sugars 

to normal human volunteers at levels equivalent to those currently consumed by the 

U.S. population failed to produce any detectable adverse effects on glucose or insulin 

responses (15, 64). Furthemore, feeding normal hurnan subjects fructose at levels 

approximating the 90'~ percentile intake levels of the U.S. population failed to 

demonstrate adverse effects on insulin sensitivity or glucose tolerance ( 15). 

1.2.6.5 Sugars Intake and Serum Lipid Concentrations Associated 

with Coronarv Heart Disease 

Currently, there is no conclusive evidence that dietary sugars are an 

independent risk factor for coronary artery disease in the general population ( 1  5). 

However, a review of previous human studies reveais considerable controversy 

regarding the effects of dietary fmctose and sucrose on serum lipid concentrations. 

For instance, there are some studies looking specifically at sucrose which 

demonstrate deleterious metabolic effects that are associated with an increased risk 

for the development of coronary artery disease (7 1, 72, 73). Sorne of these negative 

effects on Iipid metabolism may include increased plasma concentrations of 

triglycerides, and VLDL- and LDL-cholesterol fractions (74). However, there are 

also a number of other studies which have found opposing outcomes (65, 75, 76). 



First, looking at the effects of sugars on plasma triglycerides is difficult 

because there are rnany confounding variables which may effect the results. Some of 

these factors include obesity, excessive alcohol consumption, and in more rare cases, 

genetic abnormalities, or renal failure. A diet high in carbohydrates may also raise 

fasting plasma triglycerides in the short term (77). Nevertheless, some feeding 

studies looking at diets including dietary sugars such as fnictose and sucrose appear 

to elevate plasma triglycerides Ievels (45, 78, 79, 80). In contrast, other studies have 

demonstrated Iittie rise in plasma triglycerides (65, 75. 8 1. 82). Furthemore. there 

is little evidence that supports that sucrose and frxtose,  when consumed at Ievels 

approximating typical Western diets, influences plasma triglyceride concentrations 

(77). Still, as most of these studies are of short duration, there is some speculation 

that any sucrose- or fructose-induced increase in plasma triglycerides observed rnay 

be transient (75). 

With respect to serum cholesterol. an analysis of past study results have been 

somewhat contradictory. Dietary fructose, when substituted for starch. has been 

shown to lead to rises in plasma total cholesterol and LDL in normal healthy subjects 

(45, 46. 83). However, a study by Bossetti et al. failed to come to the same 

conclusion (82). Another study by Crapo and Kolterman exarnining metabolic 

effects of two-week fructose feeding in normal subjects also found no increases in 

serum cholesterol Ievels (84). 

Studies examining the effects of dietary sucrose on plasma cholesterol 

concentrations have been very aquivocal. A number of studies did not report any 



changes in plasma cholesterol levels (65, 82, 85). In cornparison to those results, 

other studies have observed rises in plasma cholesterol concentrations (78, 79, 86). 

When looking at specific lipoprotein fractions, a study by Reiser et al. on 

hyperinsulinemic subjects fed three levels of sucrose found increases in VLDL-, 

LDL- and HDL-cholesterol fractions. There was also a decline in the ratio of HDL- 

to total cholesterol (79). Several studies have suggested that a high-sucrose diet may 

decrease HDL-concentrations (87, 88), but this effect may be independent of the 

effect of sucrose since HDL-cholesterol levels tend to faII in response to high- 

carbohydrate, low-fat diets (77). 

The interest in the roles that sucrose and fnictose play in the diet is of 

particular interest to people with diabetes. The incidence of macrovascular disease 

such as atherosclerosis of the coronary vessels in diabetes is very high (77). Thus, 

any potential for deleterious metabolic effects of high sucrose and fructose diets are a 

special concern. 

1.2.6.6 Suear - Intake and Other Related Health Concerns 

Other health conditions which are believed to be associated with high 

consumption of added sugars are behavioural disturbances in children and the 

causation of dental caries. Nonetheless, according to the 1986 report by the Sugars 

Task Force, there is no substantive evidence to suggest that current dietary intake of 

sugars contributes to hypertension. There is also no evidence to support that sugars 

consumption is responsible for behavioural changes, except only in those rare cases 



of hypoglycernia that are present in the population ( 1  5 ) .  The causation of dental 

caries is multifactorial (9, 15). Although the consumption of sucrose and fermentable 

carbohydrates facilitates the development of plaque, dental caries and periodontal 

disease. there is no apparent simple relationship between sugars content and 

cariogenic potential (15). Despite the fact that the 1990 COMA Report states that 

extensive evidence suggests that sugars are the single most important dietary factor 

in the cause of dental caries. it is important not to overlook the impact of 

preventative dental methods such as fluoridation, topical fiuoride treatrnents, dental 

seaiants, vaccines against cariogenic bacteria and prograrns initiated to improve oral 

hygiene on the declining incidence of dental caries (9. 15 41 ). 

1.2.7 Conclusion to Literature Review 

The level of sugar intake in the diet is an important concem for many 

investigators in nutritional sciences. A review of past literature shows that a 

significant amount of research has been carried out to study various health aspects 

related to dietary sugars. Currently, there is little concrete evidence to suggest that 

sugars consumption causes deleterious health effects in normal. healthy individuals. 

The investigation of postprandial glucose and insulin responses to certain loads of 

mono- and disaccharides has attracted particular interest, with many studies looking 

specifically at the postprandial responses to different doses of the common dietary 

sugars glucose, fructose and sucrose. However, a number of these studies have 



limitations. making it difficult to compare postprandial glucose and insulin responses 

between different sugars and starchy carbohydrate foods. 

One prominent study by Macdonald et al. in 1978 studied the et'fécts, in male 

healthy subjects, of varying doses of different sugars (32). However, a notable 

bers was feature of this experimental design was that the same block of volunt- 

maintained within, but not between carbohydrates, which introduces di fficulties in 

making cornparisons between sugars. 

A study by Crapo et al. compared the postprandial responses of glucose, 

sucrose and wheat starch (9, concluding that starch produced significantly lower 

plasma glucose and insulin responses than either glucose or sucrose. Yet. the use of 

raw starch is a questionable feaiure of this study due to the fact that raw starch. in 

comparison to a cooked starch, is less readily hydrolyzed and more slowly absorbed 

(35). Another well known study by Reiser et al. in 1987 looked at the insulinogenic 

properties of fructose during postprandial hyperglycemia. However. the study design 

did not allow comparison of fructose to any other carbohydrate. 

Since the consumption of dietary sugars has often been discouraged beçause 

of their supposedly high postprandial glucose and insulin responses. there is a need 

for a study which perrnits the evaluation of the glycemic and insulinemic effects of 

common dietary sugars glucose, fmctose and sucrose relative to a starchy 

carbohydrate food such as white bread. 



t .3 Research Hypothesis and Objectives 

The hypothesis is that glucose, fmctose and sucrose do not "inappropriately" 

raise plasma insulin responses in healthy subjects. An "inappropriate" response is 

defined as one which differs from thai expected from an equivalent amount of 

carbohydrate from a starchy carbohydrate food which produces a similar glycemic 

response. 

The main objectives are: 

1. To compare the plasma glucose and insulin responses of various doses of sugars 

relative to white bread in normal, healthy human subjects. 

2. To compare the responses of different doses of sugars to the responses predicted 

from mathematical mode1 equations derived from responses of carbohydrate from 

starchy carbohydrate foods. 

3. To compare the plasma glucose responses against plasma insulin responses of 

different doses of sugars, when expressed as a percentage of the responses to 

equivalent arnounts of carbohydrate from white bread. 

The secondary objective is to examine the plasma glucose and insulin 

responses of fmctose in cornparison to glucose when added to 50 g of glucose. 



CHAPTER TWO 

Materials and Methods 



2. MATERIALS AND METHODS 

2.1 Subjects 

Eight normal, healthy human subjects (4 male, 4 female) were recruited for 

the study. Subjects ranged in age from 21 to 33 years, with an average age of  24.4 * 
4.5 years. The rnean BMI was 22.1 2.0 kg/rn2. Ali were non-smokers and not 

taking any medications. Infonned written consent was obtained from al1 subjects. 

2.2 Test Meals 

Ali test meals were prepared in the metabolic kitchen on the morning of each 

test day. White bread was baked in 250 g carbohydrate loaves containing 334 g al1 

purpose flour (Robinhood, Maple Leaf Mills, Toronto, Ontario), 7 g sucrose, 6 g 

yeast, 4 g salt and 250 ml warm water. The ingredients were placed into an 

automatic bread maker (mode1 SD-BTSP, Matsushita Electronics Industries Co. Ltd, 

Japan) according to instructions and rnixed, kneaded and baked over a 4 hour period. 

Loaves were cooled at room temperature for 1 hour and weighed. C r u t  ends were 

sliced off and discarded. The remainder of the loaf was cut into 50 g carbohydrate 

portions, packed into plastic freezer bags and frozen. Prior to consumption, bread 

was thawed in a microwave oven. 

For the experiment, tea was prepared by steeping a single tea bag (Orange 

pekoe blend, Tetley Canada tnc., Mississauga, Ontario) per 500 ml of boiled water 

for approximately 2 minutes. Glucose (Bio-Health, Dawson Traders Ltd., Toronto, 



. Ontario), fructose (Sweeten Less, Maximum Nutrition Inc., Toronto, Ontario) and 

sucrose (Redpath Sugars, Division of Redpath Industries Ltd., Toronto, Ontario) 

were dissolved in 500 ml of either tea or water, according to subject preference. The 

beverage was kept constant for each subject for the duration of the study. An 

additional 150 ml of water was given following consumption of test meals. 

Standard white bread test meals, which consisted of 25.  50, 75 or 100 g of 

available carbohydrate from white bread, were served with 500 ml of tea or water. 

Depending on the dose of white bread, an additional 150, 100, 50 or O ml of water 

was given, respectively, following consumption of the test meal. 

2.3 Protocol 

Subjects were evaluated on 14 separate occasions after a 10 to 12 hour 

overnight fast. On the fint day of the study, subjects chose to drink either 500 ml of 

tea or water with the test. The drink chosen remained the same for each subject for 

al1 subsequent tests for the remainder of the study. Glucose. fructose and sucrose 

sugars were tested at three doses (25, 50 and 100 g), except for fructose 100 g. which 

was excluded for reasons related to the potential for malabsorption and associated 

symptoms ( 14, 29, 30, 3 1). 

The standard white bread was tested at four different doses (25, 50, 75 and 

100 g available carbohydrate portions). In addition, on one occasion, only the 

standard drink was given and on another separate occasion, a combination of 50 g 



fructose and 50 g glucose was consumed. Thus. in total there were 14 different tests 

(Table 2- 1). 

Venous blood sarnples were drawn just prior to consumption of the test meal. 

and then at 15, 30, 45, 60, 90 and 120 minutes after beginning to eat. Al1 the tests 

were grouped into 5 blocks: fasting, glucose, fmctose, sucrose and bread. The order 

of these blocks was randomized and the sequence of the test doses within each of the 

blocks altemated between ascending or descending order of carbohydrate dose. 

Venous blood samples were prepared and analyzed for plasma glucose and insulin. 

This protocol was approved by the Human Subjects Review Committee of the 

University of Toronto. 

2.4 Blood Sample Collection 

Before blood sampling, the subject's hand was warmed with an rlectrically 

heated pad for approximately 5 minutes. The venous blood samples were collected 

by placing an indwelling catheter in a forearm vein and kept open by flushing 2 to 3 

ml of normal saline after each blood sample. The saline was cleared in advance to 

each blood sample collection by withdrawing and discarding I ml. Blood sarnples 

were drawn into fluoro-oxalate tubes (3 ml grey Vacutainer, Beckton-Dickenson, 

Rutherford, NJ) and refrigerated prior to centrifugation (2000 rpm for 10 minutes) in 

order to separate the plasma from the blood cells. Plasma aliquots were frozen at - 

20°C prior to glucose and insulin analysis. 



Table 2-1 A summary of al1 the test meals 

Glucose Fructose Sucrose Available 
(€9 (g) (g) Carbohydrate 

from White Bread 
(@ 

50g fnictose 
+ 

50g glucose 

* Zero dose was also done 



2.5 Plasma Glucose Analysis 

Plasma glucose measurements were obtained using an automatic glucose 

analyzer (2300 Stat Glucose Analyzer, Yellow Springs Instruments, Yellow Springs, 

OH), which utilizes the glucose oxidase technique (89). A standard glucose solution 

(10 mmol/L) was used to calibrate the equipment. AI1 the samples were anaiyzed 

only after two successive readings of the standard solution gave values of 10.0 or 

10.1 mmol/L. When a-D-glucose in a sample of blood makes contact with the 

immobilized enzyme glucose oxidase, it is rapidly oxidized producing hydrogen 

peroxide. The hydrogen peroxide ( H 2 0 2 )  is, in tum, oxidized at the platinum anode, 

producing electrons. Thus, a dynamic equilibrium is achieved when the rate of 

hydrogen peroxide production and the rate at which hydrogen peroxide leaves the 

imrnobilized enzyme layer are equivalent and is indicated by a steady state response. 

The electron flow is linearly proportional to the steady state of hydrogen peroxide 

concentration and therefore, also to the concentration of glucose. 

2.6 Plasma Insulin Analysis 

Plasma insulin was rneasured by radioimmunoassay (Pharmacia Insulin RIA. 

Dorval, Quebec) at the Banting and Best Core Laboratory, University of Toronto. 

The insulin in the plasma sarnple cornpetes with a known added arnount of "'I- 

labeled insulin for the binding sites of the specific antibodies. Bound and free insulin 

are then separated by the addition of a second antibody immunoadsorbent followed 

by centrifugation and decanting. Radioactivity in the pellet is then measured. The 



measurement of the radioactivity is inversely proportional to the amount of insulin 

that is actually present in the plasma sample (90). 

2.7 Statistical Analysis 

Results were expressed as mean t SEM. Incremental areas under the glucose 

and insulin curves, ignoring any areas below the fasting level, were calculated 

geometrically (91) and expressed as a percentage of that after 50 g of carbohydrate 

from white bread. 

Observed relative glucose and insulin responses were compared with expected 

values as predicted from the mathematical model equations obtained from the 1995 

study by C. Bolognesi (54). Multiple comparisons were done using one or two-way 

analysis of variance (92). The Newman-Keuls method was used to adjust the 

individual means for multiple comparisons (93). Least squares linear regression 

analysis was performed to evaluate possible correlations between predicted and 

obsewed plasma glucose and insulin responses. Differences were considered 

statistically signi ficant when p~0.05.  

The mean glucose responses to 50 g of carbohydrate from white bread for 

each subject was determined by fitting exponential association curves for each 

subject's plasma glucose responses to the 4 doses (25, 50. 75 and 100 g) of white 

bread tested using the following model: y = ~ ( l - e ' U X ) + ~  (54). This regression 

equation allowed the determination of the 3 constants A, B, and C. Thus, given x=50 

g (dose of the carbohydrate), the mean glycemic response to bread (y) was calculated. 



An example of this calculation is shown in Figure 2-1. Similarly. the mean insulin 

response to 50 g of carbohydrate from white bread was also determined for each 

subject. After calculation of each subject's mean glucose and insulin responses to 50 

g carbohydrate from white bread, al1 plasma glucose and insulin responses to each of 

the 14 different tests for each subject were expressed as a percentage of the response 

to 50 g carbohydrate from white bread. The resulting values were called "relative 

responses." 

2.8 Rationale 

As stated in section 1.3, the hypothesis is that the sugars glucose, fructose and 

sucrose do not "inappropriately" raise plasma insulin responses in healthy subjects. 

where an "inappropriate" response is defined as one which is more or less than would 

be expected from an equivalent amount of carbohydrate from a starchy carbohydrate 

food with a similar glycemic index. Thus, using the mathematical models established 

by C. Bolognesi in 1995 to predict the glucose and insulin responses for a starchy 

carbohydrate food (54), the expected glucose and insulin responses for glucose, 

fructose, sucrose and white bread were calculated. If the hypothesis is correct, the 

observed glucose and insulin responses for the sugars would be equal to the predicted 

responses, based on the dose and their glycemic index, calculated from the 

mathematical models that were derived from the glucose and insulin responses of 

starchy carbohydrate foods. Ho wever, if the hypothesis is incorrect, then the 

observed glucose and insulin responses would differ from the predicted responses. 



Figure 2-1 Example of the calculation for the mean plasma glucose response 
of one subject to 50 g of carbohydrate from white bread. 
Model: y=~(l -ëBX)+c; 

-0.026X Fitted regressioo equation: y=355.96(ls )+2.625; 
for x (dose)=50 g, y (glycernic response)=262.3 



%y evaluating the mean differences between predicted and observed glucose and 

insulin responses by a two-way analysis of variance, the effects of  food. dose and 

foodxdose interaction can be tested. 

In addition, comparing plasma glucose responses against plasma insulin 

responses of different doses of glucose, h c t o s e  and sucrose, when expressed as a 

percentage of the responses to equivalent amounts of  carbohydrate from white bread, 

is another way to determine whether sugars produce higher insulin responses than 

their glycemic responses would suggest. If sugars really do produce higher insulin 

responses, then insulin responses for the sugars should always be higher than the 

glucose responses. 



CHAPTER THREE 

Experirnental Results 



3. EXPERIMENTAL RESULTS 

3.1 Dose-Response of Different Sugars 

The eight subjects completed al1 14 tests, except for one subject who did not 

consume the fructose 50 g test due to symptoms of malabsorption, which included 

gas, crarnps and diarrhea, already at the lower 25 g dose level. Also. five of the 

subjects did experience some mild symptoms of malabsorption at the fructose 50 g 

dose level. 

The mean plasma glucose and plasma insulin response curves are shown in 

Figure 3- 1. Clearly, the glucose and insulin response curves are affected by the type 

of carbohydrate and the dose level. The incremental areas under the plasma glucose 

and plasma insulin response curves are summarized in Table 3-1. Fructose, given 

alone at 25 and 50 g dose levels, produced significantly lower postprandial plasma 

glucose responses compared to the sarne doses of glucose, sucrose and white bread. 

For the combination glucose 50 g + fmctose 50 g, the glucose response was 

significantly lower than for glucose at 100 g, but not different from sucrose or white 

bread at 100 g. With respect to postprandial plasma insulin response, 50 g fructose 

produced a significantly lower response than white bread and glucose at the same 

dose level. The glucose 50 g + fmctose 50 g combination produced an insulin 

response which was significantly lower than glucose 100 g, but not significantly 

different from sucrose or white bread at LOO g. 
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Figure 3-1 Mean plasma glucose and plasma insulin response curves of 8 
normal, healthy subjects after 0, 25, 50, 75 and 100 g of 
carbohydrate from white bread, glucose, sucrose and fructose. 



Table 3-1 Incremental areas under response curves of plasma ghcose (mm01 
min/L) and plasma insulin (nmol min/L) after different doses of 
sugars and white bread were consumed by 8 normal subjects. 

Available Carbohydrate Portion 

PLASMA GLUCOSE 

Bread 

Fructose 

Glucose 

Sucrose 

PLASMA INSULIN 

Bread 

Fructose 

Glucose 

Sucrose 

Values are means k SEM. 

Cornparison of al1 rneans: Means sharing same letter superscript are not significantly 

different. Superscript "a" indicates no significant differences from the response to O 

g carbohydrate. Means with different superscripts are significantly different at 

p<0.05. 

*Indicates 50 g glucose + 50 g fructose. 



Two-way ANOVA for plasma glucose and insulin responses for white bread, 

glucose and sucrose at 25,50 and 100 g were done and results are shown in Tables 3- 

2 and 3-3. The zero and fructose-containing doses, since it was given at 25 and 50 g, 

but not 100 g, were excluded in these analyses in order to retain a balanced 3 foods- 

by-3 dose levels factorial design, for a total of 9 different treatment combinations. 

However, fructose at 25 and 50 g consistently produced significantly lower plasma 

glucose responses than the other tests. 

For plasma glucose response, ANOVA showed that there were significant 

effects of food (p<0.008), dose (p<0.003), but no foodxdose interaction. The rnean 

postprandial plasma glucose responses for white bread, glucose and sucrose 

respectively (al1 doses combined), were 1 S6.O+ 1 5.6, 2 l9 .6S4.9 and 1 X.7+ 1 2.2 

mm01 min& with the response for glucose being significantly greater than those for 

sucrose and white bread. However, the mean responses for white bread and sucrose 

did not differ significantly. The mean plasma glucose responses for the 25, 50 and 

100 g dose levels (glucose, sucrose and white bread combined) were 105.5+9.5, 

166k17.6 and 228.9I2I -9 mm01 min/L, respectively. The response to the 100 g 

doses was significantly higher than that for the 50 g doses, which, in turn, was 

significantly higher than the 25 g dose. 

For plasma insulin response, there was no effect of food or foodxdose 

interaction. There was, however, an effect of dose (p<0.002). The mean postprandial 

plasma insulin responses for 25, 50 and LOO g dose levels ( glucose, sucrose and 



Table 3-2 Two-way analysis of variance of plasma glucose responses for 
white bread, glucose and sucrose at 25,SO and 100 g. 

Source SS d f MS F P-VAL 

Condition 303780.0 8 37972.5 1 1-75 O. O000 

Food 1 10392.3 2 55 196.1 20.74 0.0077 

Dose 82739.9 - 3 9 1370-0 34.32 0.0030 

FoodxDose 1 0647.7 4 266 1.9 0.82 0.5 157 

Subject 184137.6 7 26305.4 8.14 

Error 180983.8 56 323 1.9 

To ta1 66890 1.3 



Table 3-3 Two-way analysis of variance of plasma insulin responses for white 
bread, glucose and sucrose at 25,50 and 100 g. 

Source SS d f MS F P-VAL 

Condition 5399.76 8 674.97 17.27 0.0000 

Food 662.86 2 33 1.43 6.10 0.0609 

Dose 45 19.66 2 2259.83 41.61 0.002 1 

Foodx Dose 2 17.24 4 54.3 1 1.39 0.2494 

Subject 3 105.74 7 443.68 1 1.35 

Error 2 188.82 56 39.09 

To ta1 10694.32 



white bread combined) were 6.6k0.9. 12.3k1.5 and 25.5f2.9 nmol min/L, 

respectively. There were significant differences between al1 three dose levels. 

Figure 3-2 shows the relationship between mean glucose responses and mean 

insulin responses 

Ievels. However, 

to increase at a s 

The relationship is nearly linear at the lower glucose response 

at the higher glucose response levels, the insulin response appears 

ightly higher rate. Also, at higher glucose response levels, there 

was greater variation in the mean insulin responses. 

The glycemic indices for glucose, sucrose and fnictose were 136k15, 83+17 

and 14S0 respectively. None of the values were significantly different from values 

previously published in literature (p>0.05) (94). 

Figure 3-3 shows the mean observed relative glucose responses plotted against 

the dose of the carbohydrate along with the response lines predicted from the 

mathematicai model. Observed relative glucose responses tended to fa11 very closely 

to the predicted response lines with the exception of 25 and 50 g doses of fructose, 

which were well below the predicted values. Nevertheless, two-way ANOVA 

showed that there were no significant effects of food, dose, or foodxdose interaction 

on the difference between the observed and predicted relative glucose responses 

(Table 3-4). 

Figures 3-4 shows the correlation between the mean observed and predicted 

relative plasma glucose responses. There was an extremely strong linear relationship 

between the observed and predicted responses, where the dope  m=1.23&0.05 and the 

correlation coefficient r=0.99 at p<0.05. Although observed relative glucose 



Glucose Response: I A U C  

(mmolamin/L) 

Figure 3-2 Relationship between mean plasma glucose response and 
mean plasma insulin response. 
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Figure 3-3 Incremental areas under glycemic response curves of normal 
subjects after different doses of glucose, white bread, sucrose, and 
fructose, expressed as a % of the mean response to 50 g of 
carbohydrate from white bread. Values are means + SEM. Points 
represent actual observed responses. Lines represent the equation: 
GR=1 SxGI(1-e Q.0018xD )+13, where GR= relative glucose response, 
GI- glycemic index and D= doge of carbohydrate consumed. 



Table 3 4  Two-way analysis of variance of the mean differences between 
observed and predicted relative plasma glucose responses. 

Source SS df MS F P-VAL 

Condit ion 17349.4 I l  1577.2 1.10 0,3759 

Food 53 88.2 3 1796.1 1.88 0.2335 

Dose 6237.1 2 3 118.6 3 -27 O. 1096 

Foodx Dose 5724.1 6 954.0 0.66 0.6797 

Subject 43 176.6 7 6168.1 4.29 0.0005 

Error 1 10804.4 77 1439.0 

Total 17 1330.5 



Predicted Plasma Glucose 
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Figure 3-4 Correlation between the observed and predicted relative plasma 
glucose responses. 



responses were tightly correlated with predicted responses, the dope was 

significantly different from the line of identity. 

Figure 3-5 shows the rnean observed relative insulin responses plotted against 

the dose of the carbohydrate along with the response lines predicted from the 

mathematical model. There was a tendency for greater variation in mean insulin 

responses, particularly at the higher carbohydrate dose levels. Observed relative 

insulin responses tended to fall closely on predicted responses lines with the 

exception of 100 g dose levels of glucose, sucrose and white bread. Two-way 

ANOVA showed that there was no significant effect of food, nor a significant 

foodxdose interaction on the mean differences between observed and predicted 

insulin responses (Table 3-5). However, there was a significant dose effect on the 

difference between observed and predicted insulin responses (Table 3 - 3 ,  wi th the 

100 g dose levels of glucose, fructose, sucrose and white bread resulting in 

significantly higher observed relative plasma insulin responses than predicted (mean 

difference= 44.9; p<0.05). The mean relative differences for 25 and 50 were -6.26, 

and -0.7 1, respectively. 

Figure 3-6 shows the correlation between the mean observed and predicted 

relative plasma insulin responses. There was a very strong linear relationship 

between the observed and predicted responses, where the slope m= 1.28k0.09 and the 

correlation coefficient r=0.97 at p<0.05. Although the observed and predicted 

relative insulin responses were highly correlated, the dope was significantly different 
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Figure 3-5 lncremental areas under insulin response curves of normal 
subjects after different doses of glucose, white bread, sucrose, and 
fructose, expressed as a % of mean response to 50 g of 
carbohydrate from white bread. Values are means i SEM. Points 
represent actual observed responses. Lines represent the equation: 
1~=2.9x(~1x0.6x~1~x0.003) ~ ( 1 - e ~ " ' ~ " ~  )+5, where 
IR=relative insulin response, GI= glycemic index and D= dose of 
carbohydrate consurned. 



Table 3-5 Two-way analysis of variance of the mean differences between 
observed and predicted relative plasma insulin responses. 

Source SS d f M S  F P-VAL 

Condition 63 187.5 1 i 5744.3 2.78 0.0042 

Food 182.0 3 60.7 0.03 0.9927 

Dose 5038 1.5 2 25 190.8 1 1.97 0.0080 

FoodxDose 12624.0 6 2 104.0 1 .O2 0.4 189 

Subject 66727.0 7 9532.4 4.62 0.0002 

Error 158867.8 77 2063.2 

Total 288782.3 



O 50 100 150 200 250 
Predicted Plasma Insulin 

Relative Response 

Figure 3-6 Correlation between the observed and predicted relative plasma 
insulin responses. 



from one. However, it seems that at the higher carbohydrate dose levels, there was a 

tendency for a bit more variation in the mean values. 

Figure 3-7 shows a bar graph of the glucose and insulin responses to al1 the 

different doses of glucose, fmctose and sucrose. expressed as a percentage of the 

responses to equivalent arnounts of available carbohydrate from white bread. Results 

of ANOVA did not show any significant difference between relative glucose and 

isnsulin responses for the sugars tested. The overall mean of the relative glucose and 

insulin responses, respectively, for glucose were 1492 13% and 147+13%, sucrose, 

87+7% and 83+8% and fructose, 16+4% and 22I4%. 

3.2 Cornparison of Glucose 50 g, 100 g and Glucose 50 g + Fructose 50 g 

Some of the results from this study c m  be used to compare the insulinogenic 

potential of fmctose in cornparison to another carbohydrate, glucose, when fed in 

combination with equal 50 g doses of glucose. The incremental areas under the 

plasma glucose and insulin response for the three tests, glucose 50 g, glucose 100 g 

and glucose 50 g + fmctose 50 g, were shown previously in Table 3-1. The relative 

incremental areas under the plasma glucose response curves for glucose 50 g, glucose 

100 g and glucose 50 g + fmctose 50 g tests were 138.7I8.2, 208.1114.1 and 

139.8I5.6, respectively. The relative incremental areas under the insulin response 

curves for the three tests in the same order were 136.1k20.9, 268.0440.2 and 

164.2k25.6. A bar graph of the relative plasma glucose and insulin responses for the 

three tests is shown in Figure 3-8 and Figure 3-9. For relative glucose and insulin 



Figure 3-7 

~lucose Response 

Insuiin Response 

25 50 100* 25 50 100 25 50 100 
Fructose Sucrose Glucose 

Plasma glucose and insulin responses after 25,50 and 100 g of 
glucose, fructose and sucrose, expressed as a percentage of the 
responses to equivalent amounts of available carbohydrate from 
white bread. * Indicates 50 e elucose + 50 Q fructose- 



responses, only the glucose 100 g test produced significantly greater responses than 

the glucose 50 g and glucose 50 g +fructose 50 g tests (piO.05). The glucose 50 g + 

fmctose 50 g test caused a slightly higher insuiin response than the glucose 50 g test, 

but this was not statistically significant. 



Glucose Response: 
Relative I A U C  

Figure 3-8 Relative plasma glucose responses for 3 tests: glucose 50 g, glucose 
100 g, glucose 50 g + fructose 50 g. * Xndicates significant 
difference at pC0.05. 



Insulin Response 
Relative IAUC 

Figure 3-9 Relative plasma insulin responses for 3 tests: glucose 50 g, glucose 
100 g, glucose 50 g + fructose 50 g. * lndicates significant 
differeoce at peO.05. 



CHAPTER FOUR 

Discussion and Conclusions 



4. DISCUSSION AND CONCLUSIONS 

4.1 Dose-Response of  Different Sugars 

The results o f  the study demonstrated that in normal, healthy human subjects, 

the plasma glucose and insulin responses are influenced by the type and amount of 

carbohydrate tested. On average, glucose produced the highest plasma glucose 

response, followed by white bread, sucrose and fructose. There was no significant 

difference between mean plasma glucose responses for white bread and sucrose. This 

is in agreement with previous studies which found that some cooked starches 

produced glucose responses that are similar to sucrose, or that are slightly less than 

glucose (8). This also appears to hold true for plasma insulin responses as well. On 

average, glucose tended to produce the highest insulin response, followed by white 

bread, sucrose and fnictose. Two-way ANOVA, not including fructose, resulted in a 

p-value of  0.06, just missing being significant. Statistical significance may have been 

difficult to attain given the high degree of variation in the plasma insulin response. 

Also, if fructose could have been included in the analysis, it would have strengthened 

the argument for a food effect to the point of statistical significance. Considering the 

results for the individual test meals, the insulin response to 50 g fructose was 

significantly less than that for 50 g white bread and glucose, and the insulin response 

to 100 g glucose was greater than that afier 100 g bread, 100 g sucrose or 50 g 

gIucose + 50 fnictose (Table 3- 1 ). 



Two-way ANOVA also demonstrated statistically signiticant effects of dose 

level of the carbohydrate on both plasma glucose and insulin responses. Doubling 

the dose of the carbohydrate fiom 25 to 50 g resulted in an approximate doubling of 

the incremental area under the glucose response curve. However, doubling the dose 

fkom 50 to 100 g did not result in a subsequent doubling of the glucose response 

(Figure 3-3). This is similar to what has been seen in past studies (8. 53). 

In contrast, the plotting of plasma insulin response against dose for glucose. 

fructose, sucrose and white bread showed that insulin response increased almost 

linearly for carbohydrate dose levels up to 100 g with little tendency for the response 

io flatten off between 50 to 100 g (Figure 3-5). 

The glycemic index values for glucose, fmctose and sucrose from this study 

were 136, 14 and 53 respectively. None were significantly different from previously 

published values (94). Nevertheless, the glycemic index value for fructose was less 

than half the literature value, and this may be due to the fact that six of the study 

volunteers experienced mild symptoms of malabsorption during the fructose tests, 

given that the glycemic index is an indicator of the rate of absorption (8). The high 

incidence of symptoms suggesting fmctose malabsorption was not unusual upon 

review of previous studies that examined absorptive capacity of fmctose in healthy 

humans. Three different studies which administered 50 g of fmctose per 500 ml 

volume produced malabsorption in 58%, 80% and 37% of the subjects (14, 30, 3 1). 

The results of plotting observed relative plasma glucose responses against 

predicted responses demonstrated a very strong linear correlation, where 99% of the 



variation could be explained. Al1 in all, it appeared that the equation used to predict 

glucose, which was developed for different doses of starchy carbohydrate foods. was 

qui te effective in predicting the glucose responses of different doses of sugars. 

Although observed and predicted responses were highly correlated, the slope was 

significantly different from one, and thus, it was not an exact one-to-one relationship. 

However, from Figure 3-5 it appears that the observed responses from fmctose 25 

and 50 g tests may have contributed largely to the dope being significantly different 

from-one. If the predicted responses for the fmctose tests had been lower because of 

malabsorption, then the slope may not have been statistically different from one. 

Also, the predicted glucose response for the zero dose test was significantly higher 

than actually observed, which also contributed to the slope being statisticaily 

different from the line of identity. 

Similarly, the results of plotting observed relative plasma insulin responses 

against the predicted responses also dernonstrated a very strong linear correlation, 

where 97% of the variation could be accounted for. However, despite the strong 

correlation between observed and predicted plasma insulin responses, the slope was 

significantly different from one, suggesting that there was not a one-to-one 

relationship. Again, this was probably because the predicted values for fmctose were 

too high. If predicted responses for the fructose tests had been lower because of 

malabsorption, the slope may not have been statistically different from one. 

Nevertheless, the strong linear correlation indicates that the sugars behaved very 

much like equivalent doses of carbohydrate fiom starchy food sources with similar 



glycemic indices, in terms of postprandial glucose and insulin responses, given that 

the predictive models were developed from glucose and insulin responses of starchy 

carbohydrate foods. 

The purpose of this study was to determine if the glucose, fmctose and 

sucrose produced "inappropriate" plasma insulin responses in normal subjects, based 

on their glycemic index and dose. This was examined in two ways. The first method 

was by two-way analysis of variance of the mean differences between observed and 

predicted relative plasma insulin responses for the tests, which found no significant 

effects of food or foodxdose interaction. This means that the differences between 

observed and predicted insulin responses for the sugars did not differ from those for 

carbohydrate from starchy white bread. Also, there was no interaction between type 

or amount of carbohydrate. The sugars, in cornparison to carbohydrate frorn starchy 

white bread, did not produce inappropriate insulin responses, based on their glycemic 

index and dose of the carbohydrate. That is, glucose, fructose and sucrose did not 

produce significantly higher or lower plasma insulin responses when compared to an 

equivalent dose of starchy carbohydrate with a similar glycemic index. This supports 

the hypothesis that the sugars glucose, mictose and sucrose produce plasma insulin 

responses which are equivalent to those which would be expected from an equal 

amount of carbohydrate from a starchy carbohydrate food with a sirnilar glycemic 

index. 

However, there was a significant effect of dose on the mean differences 

between observed and predicted relative plasma insulin responses. At the 100 g dose 



levels of carbohydrate there was a significant difference between the observed 

plasma insulin responses and the predicted responses. Since this effect was seen in 

both sugars and the starchy carbohydrate, it seems that the mode1 equation for 

predicting insulin response tended to underestimate actual insulin response, 

regardless of whether the carbohydrate came from a sugar source or a starchy food 

source. If the sugars were to have produced an inappropriate insulin response in 

cornparison to an equivalent amount of carbohydrate from a starchy carbohydrate 

source, then there wouid only have been a significant difference between the 

observed and predicted relative plasma insulin responses in the sugars and not the 

white bread. Thus, analysis of variance would have revealed a food effect or a 

foodxdose interaction. As neither of these was seen, it is believed that the sugars did 

not cause inappropriate insulin responses. 

The second method used to see if sugars produced "appropriate" insulin 

responses was to express plasma glucose and insulin responses of glucose, fmctose 

and sucrose as a percentage of the responses to equivalent arnounts of available 

carbohydrate from white bread. I f  sugars produced inappropriate insulin responses, 

then insulin responses should be consistently higher than glucose responses for al1 

the sugars. However, the mean glucose response was similar to the mean insulin 

response for each sugar. This suggests that the relationship between glucose and 

insulin responses in the sugars tested is similar to the relationship between plasma 

glucose and insulin responses produced by carbohydrate from starchy white bread. 

Thus, unlike previous investigators who speculated that h c t o s e  or fructose- 



containing sugars, unlike a starchy carbohydrate, would produce greater insulin 

responses than their glucose responses would suggest, the present resdts show that 

fmctose and sucrose were no more insulinogenic than their glucose responses would 

indicate. 

4.2 Cornparison of Glucose 50 g, 100 g and Glucose 50 g + Fructose 50 g 

One of the concens of rnany investigators is that certain sugars such as 

fmctose are believed to raise plasma insulin levels without similar corresponding 

rises in the plasma glucose concentrations. For example, a study by Reiser et al. in 

1987 fed subjects fmctose (1.75 g/kg body weight) 20 minutes following initiai test 

meals of glucose ( 1  .O glkg body weight) or starch (0.9 g/kg body weight). Pre-meals 

foIlowed by fructose in cornparison to pre-meals consumed alone did not result in 

any significant differences in plasma glucose levels. Yet, since the pre-meals 

followed by fructose produced greater insuiin responses in comparison to the pre- 

meals consumed alone, it was concIuded that fructose can be insulinogenic during 

postprandial hyperglycemia (44). 

Since the study design by Reiser et al. made it difficult to make a comparison 

of the insulinogenic properties of h c t o s e  in comparison to any other carbohydrate 

under the experimental conditions, some results from this thesis were used to 

compare the insulinogenic potential of fmctose in comparison to glucose, when 

added to 50 g glucose. Figure 3-8 showed that the mean plasma glucose response 

observed with the glucose 50 g test was not significantly different from the response 



seen with the glucose 50 g + fmctose 50 g test. This agrees with the results of Reiser 

et al., where the additional 50 g of fmctose did not have any significant effects on the 

glucose response (44). The glucose 100 g test, which equals 50 g glucose + 50 g 

glucose, produced a significantly higher glucose response than the 50 g glucose or 50 

g glucose + 50 g fructose tests. Hence, it was shown that 50 g fructose, in 

comparison to 50 g glucose, when added to 50 g glucose, aiso produced a lower 

glycemic response than glucose. This is in agreement with the findings in previous 

studies, which found fnictose to produce lower glucose responses (8. 33, 34 ). 

With regard to relative plasma insulin responses in Figure 3-9, in comparison 

to the glucose 50 g test dose, the glucose 50 g + fmctose 50 g combination test 

increased the response slightly, although this was not statistically significant. Thus, 

the additional 50 g of fructose did not appear to have a significant effect on the 

insulin response, unlike that observed in the study by Reiser et al. However, in that 

study the additional fmctose was administered at 1.75 g/kg body, a considerably 

higher dose level, which might have explained those observations (44). 

The glucose 100 g test nearly produced a near doubling of the plasma insulin 

response in comparison to the glucose 50 g test, increasing by almost 97%. This 

demonstrates that insulin response, unlike glucose response which tends to flatten off 

after carbohydrate doses above 50 g, continues to increase when carbohydrate dose 

levels are above 50 g. Comparing the glucose 100 g test to the glucose 50 g + 

fhctose 50 g combination test showed that under these particular conditions, fnictose 

aiso produced a lower plasma insulin response than glucose. 



To more closely examine the results of Reiser's study, it was helpfui to 

predict the glucose response for the glucose + fmctose and glucose alone tests in that 

study. Based on an average 70 kg subject, the glucose + fmctose would consist of 70 

g glucose and 122.5 g hctose,  with a combined glycemic index of 70.6, caiculated 

according to the proportion of glucose to fmctose (54). The glucose alone test would 

consist of 70 g glucose, with a glycemic index of 138. Using the mathematical 

model, GR= 1 SxGI ( 1 -e -o.o18X) + 13, the glucose + fnictose test should result in a 

28% decrease in the glucose response in comparison to the glucose alone test. This 

thesis showed that the mathematical model for predicting insulin response for high 

doses of carbohydrate was not as good as the mathematical model for glucose 

response. In fact, the relationship between carbohydrate dose and insulin response 

was actually closer to linear, instead of the flattening off suggested by the model. 

Therefore, assuming the relationship remains linear up to a carbohydrate dose of 

192.5 g for a 70 kg subject, the insulin response for the glucose + fmctose test should 

result in a 41% increase in comparison to the glucose alone test, after acijusting for 

the difference in glycemic index (Figure 4- 1 ). 

By calculating the incrernental area under the glucose response curves in 

Reiser's study, the glucose + fmctose test compared to the glucose alone test resulted 

in a decrease of 34%. However, caiculating the incremental area under the insulin 

response curves showed that the glucose + mictose test produced a 38% increase in 



O 50  100 150 200 250 
Carbohydrate Dose ( g )  

Figure 4-1 Prediction of insulin response for carbohydrate dose consisting of 
glucose 1.0 g/kg body weight + fructose 1.75 g/kg body weight, 
relative to carbohydrate dose of 1.0 g/kg body weight, assuming a 
70 kg subject: 

if the insulin response to 70 g glucose = 100 arbitrarily, 
then the insulin response to 192.5 g glucose = 192.5/70(100) = 275; 
thus, insulin response to 70 g glucose + 122.5 g fructose = 275 x 70.61138 = 140.7 



cornparison to the glucose alone test. Therefore, what was observed in Reiser's study 

is fairly close to what was expected. 

The results of the glucose 50 g + fructose 50 g cornpared to the glucose 50 g 

test summarized in this thesis showed that the relative glucose responses for both 

tests were virtually the sarne. This is probabiy due to the addition of only 50 g 

fmctose, as opposed to 122.5 g fructose for a 70 kg subject added in Reiser's study, 

which was too little for the detection of any lowering effects on glucose response. 

However, with respect to insulin response, the glucose 50 g + fructose 50 g test 

compared to the glucose 50 test resulted in an increase of 2 1%. This was very 

sirnilar to what occurred in Reiser's study. 

Thus, it was suggested that since most subjects in the study by Reiser et al. 

wcre likely to have consumed carbohydrate intakes greater than 50 g with the glucose 

or starch pre-meals alone, additional fructose would not have produced increases in 

the plasma glucose response. However, since plasma insulin responses tends not to 

flatten off like plasma glucose response, continuing to increase even when 

carbohydrate dose levels exceed 50 g, increases in plasma insulin concentrations 

would be observed with the additional fructose. 

In conclusion. addition of carbohydrate over 50 g demonstrates a pronounced 

plateau effect of the plasma glucose response. Plasma insulin response, instead, 

continues to increase even when carbohydrate dose levels increase above 50 g. 

Furthemore, the addition of 50 g fructose to 50 g glucose, making up the glucose + 

fructose combination test, produced lower glycemic and insulin responses when 



compared to an addition of 50 g of glucose to 50 g glucose to make up the glucose 

100 g dose test. Thus, even under this experimental condition, fructose produced 

lower glycemic and insulin responses. 

4.3 Implications and Future Directions 

The belief that mono- and disaccharide sugars such as glucose and sucrose are 

more readily absorbed, hence causing a greater and îaster rise in postprandial plasma 

glucose and insulin responses than a starchy carbohydrate (5, 6), is the premise for 

rnany clinical interventions and medical hypotheses (2). This has led to the 

perception by the general public that sugars consumption is detrimental to good 

health and consequently, many people have endorsed the reduction of sugar intake in 

the diet. However, the results of this study, that glucose, fmctose and sucrose do not 

produce significantly higher or lower postprandial plasma insulin responses when 

compared with equivalent amounts of carbohydrate from a starchy carbohydrate 

source with a similar glycemic index, could have a tremendous impact on public 

health recommendations. 

For some time now, the public has been advised of the health benefits of 

reducing fat in the diet while increasing carbohydrate intake, particularly through 

higher consumption of starchy carbohydrate foods instead of sugary foods. However, 

as shown in this study and in previous studies (8), the glycemic response of some 

starchy carbohydrate foods such as white bread is often similar to, or greater than that 

of some common dietary sugars. Therefore, the recommendation of certain starchy 



carbohydrate foods, some with glycemic indices which are actually higher than those 

of some dietary sugars. may produce deleterious effects if one is trying to maintain 

tight regulation of blood glucose and insulin while increasing carbohydrate intake. 

Also, as a diet low in sugars does require some degree of sacrifice for many people. 

modest inclusion of certain sugars such as sucrose or h c t o s e  rnay help some 

individuals adhere to a diet high in carbohydrates and low in fat without harmful 

éffscts on glycsrnic control. 

The possibility of deleterious effects of sugars consumption on plasma lipid 

metabolism is an area that requires further investigation. If consumption of sugars 

produces adverse effects on plasma lipid profiles in normal subjects, then it would 

appear that it is by a mechanism other than inappropriately raised insulin responses 

specific to sugars, which was found to be untrue. To speculate, since plasma glucose 

and insulin responses are affected by dose of carbohydrate, in addition to the type. it  

is possible that increases in plasma triglycerides due to sugars intake may be because 

of an increase in insulin, which is due to an increase in total carbohydrate intake and 

not because of an increase in insulin specific to sugars. Moreover, it is generally 

easier to consume higher levels of carbohydrate when the greater proportion is from 

sugars rather than other starches or polysaccharides. Perhaps if one can maintain 

isocaloric carbohydrate consumption from either sugars or starches with similar 

glycemic indices, there would be no differential effects on plasma triglycerides. 

Despite the findings on glucose, fructose and sucrose in healthy human 

subjects. the same cannot be concluded for al1 subject groups such as those with 



irnpaired glucose tolerance and/or diabetes. Although it has been shown that 

glycemic indices of foods are similar for healthy and non-insulin dependent and 

insulin dependent individuals alike (95, 96, 97, 98). subjects with either of these 

conditions would demonstrate abnormal glycemic regulation and insulin secretion. 

Consequently, it may not be possible to extrapolate the results seen in normal healthy 

subjects to al1 subject groups and further studies to examine postprandial plasma 

glucose and insulin effects in these special populations would be necessary. 

Another factor which deserves fùrther consideration is the effect of other 

dietary components such as fat and protein. In this study postprandial glucose and 

insulin responses of sugars were studied without looking at the possible confounding 

variable effects of fat and protein. Since under more normal circumstances the 

consumption of sugars is usually combined with other dietary nutrients within a 

meal, the conclusions arrived at from this study are not necessarily applicable under 

meal conditions. For that reason, further studies of sugars under more normal meal 

conditions are still required. 

Nevertheless, under the experimental conditions observed in this study, in 

normal healthy subjects, the common dietary sugars glucose, fructose and sucrose do 

not appear to cause significantly higher or lower postprandial plasma glucose and 

insulin responses than expected from an equivalent dose of carbohydrate from a 

starchy carbohydrate source with similar glycemic index. 



4.4 Conclusions 

There were two main objectives outlined in this thesis. The first objective 

was to analyze and compare the postprandial plasma glucose and insulin responses of 

different doses of glucose, fructose and sucrose in normal healthy human subjects. 

The second objective was to determine if the sugars produced inappropriate insulin 

responses by two methods: (1)  By comparing the responses of different doses of the 

sugars, when expressed relative to the white bread, to the responses of equivalent 

doses of available starch from starchy carbohydrate foods with similar glycemic 

indices by way of mathematical models and (2) By comparing the plasma glucose 

responses against plasma insulin responses of different doses of sugars, when 

expressed relative to equivalent arnounts of carbohydrate from white bread. In 

addition, the secondary objective was to investigate the plasma glucose and insulin 

responses of  fructose in cornparison to glucose when both are given in combination 

with an equivalent dose of glucose. 

When plasma glucose and insulin responses to different doses of glucose, 

fructose and sucrose were examined, it was found that plasma glucose was 

significantly affected by carbohydrate type and dose level. Plasma insulin was 

significantly affected by dose level. Glucose tended to produce the highest glucose 

and insulin responses, followed by white bread, sucrose and fructose. However, this 

was not statistically significant at al1 dose levels. 

Relative plasma glucose and insulin responses to different doses of glucose, 

fiuctose and sucrose, when compared to equivalent doses of available carbohydrate 



from starchy carbohydrate food with a similar glycemic index, did not produce 

significantly higher or lower insuiin responses. Comparison of plasma glucose and 

insulin responses, when expressed relative to equivalent amounts of carbohydrate 

from white bread, found glucose responses to be very similar to insulin responses for 

each sugar, suggesting that sugars are no more insulin producing than their glucose 

response would suggest. 

When glucose or fructose is given in combination with an equivalent dose of 

glucose, fructose produced lower glycemic and insulin responses in comparison to 

glucose. 

Thus, the evidence from this study supports the hypothesis that glucose, 

fructose and sucrose, when compared to equivalent arnounts of available 

carbohydrate from a starchy carbohydrate food with the same glycemic index, do not 

result in inappropriate plasma insulin responses in normal subjects. 



References Cited 



References Cited 

Baghurst KI, Baghurst PA, Record SJ. Demographic and nutritional profiles of 
people consuming varying levels of added sugars. Nutr Res 1992; 9WO8- 13. 

Brand Miller JC, Lobbezoo 1. Replacing starch with sucrose in a high glycemic 
index breakfast cereal lowers glycaemic and insulin responses. Eur J Clin Nutr 
1 994; 48 :749-52. 

Wolever TMS, Brand Miller JC. Sugars and blood glucose control. Am J Clin 
Nutr 1995; 62 (suppl):2 12s-27s. 

Nuttal FQ. Diet and the diabetic patient. Diabetes Care 1983; 6: 197-207. 

Crapo PA, Reaven G, Olefsky J, Alto P. Plasma glucose and insulin responses 
to orally administered simple and complex carbohydrates. Diabetes 1976; 
25:74 1-47. 

Bantle JP, Laine DC, Castle GW, Thomas JW, Hoogwerf BJ, Goetz FC. 
Postprandial glucose and insulin responses to meals containing different 
carbohydrates in normal and diabetic subjects. N Engl J Med 1983; 309% 12. 

DeFronzo RA, Ferrannini E. Insulin resistance: a multifaceted syndrome 
responsible for NIDDM, obesity, hypertension, dyslipidemia and 
atherosclerosic cardiovascular disease. Diabetes Care 199 1 ; 14: 173-94. 

Jenkins DJA, Wolever TMS, Taylor RH. Barker HM. et al. Glycemic index of 
foods: a physiological basis for carbohydrate exchange. Am J Clin Nutr 198 1 : 
34:362-66. 

Walker, ARP. Nutritional and dental implications of high and low intakes of 
sugars. International J Food Sciences and Nutrition- 1995; 46: 16 1 - 169. 

Rugg-Gunn AJ, Hackett AF, Jenkins GN, Appleton DR. Empty calories? 
Nutrient intake in relation to sugar intake in English adolescents. J Human 
Nutr and Dietetics 199 1 ; 4: I O 1 - 1 1. 

Woodward M, Walker ARP. Sugar consumption and dental caries: evidence 
from 90 countries. Br. Dent. J 1994; l76:297-302. 

Gibney M, Sigman-Grant M, Stanton JL, Keast DR. Consumption of sugars. 
Am J Clin Nutr 1995; 62(suppl): 178s-94s. 



Woteki CE, Welsh SO. Raper W, Marston RM. Recent trends and levels of 
dietary sugars and other caloric sweeteners. In: Reiser S, ed, Metabotic 
Effects of Utilizable Carbohydrates. New York, NY: Marcel Dekker, 1982: 1- 
27. 

Truswell AS, Seach JM, Thorburn AW. Incomplete absorpton of pure fructose 
in healthy subjects and the facilitating effect of glucose. Am J Clin Nutr 1988; 
48: 1424-30. 

Glinsmann WH, Irausquin H, Park YK. Evaluation of healh aspects of sugars 
contained in carbohydrate sweeteners. Report of Sugars Task Force, 1986. J 
Nutr 1986; 1 16(Suppl 1 1):Sl-S216. 

Cantor SM. Perspective on sweetners: patterns of use. In: Sweeteners: Issues 
and Uncertainties. Washington, DC: National Academy of Sciences, 197935- 
40, 

Levin RI. Digestion and absorption of CHO-from molecules and membranes 
to humans. Am J Clin Nutr 1994; 59(suppl):690S-98s. 

Southgate DTA. Digestion and metabolism of sugars. Am J Clin Nutr 1995; 
62(suppl):203S- 1 1 S. 

Reiser S. Intestinal digestion of sucrose and absorption of fructose. In: Reiser 
S. Hallfrisch J. Metabolic Effects of  Dietary Fructose. United States: CRC 
Press Inc., 1987: 1 1-23. 

Flourie B. The digestion of starches and sugars present in the diet. In: J. 
Dobbing, ed. Dietary Starchrs and Sugars in Man. Great Britain: Springer- 
Verlag Berlin Heidelberg, 1989:49-66. 

Holdsworth CD. In vivo studies of sugar absorption in humans. In: Gracey M. 
Kretchmer N. Rossi E, eds. Sugars in Nutrition. USA: Nestec Ltd. and Raven 
Press, Ltd., 199 1 :69-82. 

Dahlqvist , Borgstrom . Digestion and absorption of disaccharides in man. 
Biochem J .  1961; 81:411-18. 

Fogel , Gray . Starch hydrolysis in man: an intraluninal process not requiring 
membane digestion. Appl Phys 1973; 35:263-67. 

Levin RJ. Dietary carbohydrate and the kinetics of intestinal funmctions in 
ration to hexose absorption. In: Dobbing I, ed. Dietary Starches and Sugars in 



Man: A cornparison. Great Britain: Springer-Verlag Berlin Heidelberg, 
1989:89- 1 17. 

Wright EM. The intestinal Na+/glucose CO-transporter. Annu Rev Physiol 
1993; 55:575-89. 
Thorens B. Facilitated glucose transporters in epithelial cells. Annu Rev 
Physiol 1993; 5 5 5 9  1-608. 

International Life Sciences Institute. Metabolism and kinetics, In: Vettorazzi 
G, Macdonald 1, eds. Sucrose. Nutritional and Safety Aspects. Great Britain: 
Springer-Verlag Berlin Heidelberg, 1988:35-5 1. 

Riby JE, Fujisawa T, Kretchmer N. Fructose absorption. Am .J Clin Nutr 1993; 
58(suppl): 7483-753s. 

Kneepkens CMF, Vonk RJ, Fernandes J. Incomplete intestinal absorption of 
fructose. Archives of Disease in Childhood 1984; 59:735-38. 

Rumessen JJ, Gudmand-Hoyer E. Absorption capacity of fructose in healthy 
adults. Cornparison with sucrose and its constituent monosaccharides. Gut 
1986; 27: 1161-1 168. 

Ravich WJ, Bayless TM, Thomas M. Fructose: In complete intestinal 
absorption in humans. Gastroenterology 1983; 84:26-29. 

Macdonald 1, Keyser A, Pacy D. Some effects, in man, of varying the load of 
glucose, sucrose, fructose, or sorbitol on various metabolites in blood. Am J 
Clin Nutr 1978; 3 1 : 1305- 13 1 1. 

Crapo PA, Scarlett JA, Kolterman OG, Sanders LR, et al. The effects of oral 
fructose, sucrose, and glucose in subjects with reactive hypoglycemia. 
Diabetes Care 1982; 5:5 12- 17. 

Crapo PA, Kolterman OG, Olefsky JM. Effect of oral fructose in normal, 
diabetic and impaired glucose tolerant subjects. Diabetes Care 1980; 3575-8 1 .  

Collings P, Williams C ,  Macdonald 1. Effects of cooking on serum glucose and 
insulin responses to starch. Brit Med 1 198 1;  282: 1032-33. 

Wolever TMS. The glycemic index. In: Boume GH, ed. World Review of 
Nutrition and Dietetics. Vol 62. Aspects of some vitamins, minerals and 
enzymes in health and disease. Basel: Karger, 1990: 120-85. 



Wolever TMS, Vuksan V, Katzman-Relle L, Jenkins AL, et al. Glycemic index 
of some h i t s  and fniit products in patients with diabetes. [nt J Food Scie Nutr 
1993; 43:205- 12. 

Wolever TMS, Katman-Relle, Jenkins AL, Vuksan V, et al. Glycemic index of 
102 complex carbohydrate foods in patients with diabetes. Nutr Res 1994; 
14:65 1-69. 
Cheatham B, Kahn CR. insulin action and the insulin signalling network. 
Endocrine Reviews 1995; 16: 1 17- 142. 

Wolever TMS, Jenkins DJA, Collier GR, Lee R, Wong GS, Josse RG. 
Metabolic response to test meals containing different carbohydrate foods: 1.  
Relationship between rate of digestion and plasma insu1 in response. Nutr Res 
1988; 8:573-8 1. 

Krezowski PA, Nuttall FQ, Gannon MC, Billington CJ, et al. Insulin and 
glucose responses to various starch-containing foods in type II  diabetic 
subjects. Diabetes Care 1987; 1 O:2O5- 12. 

Woiever TMS, Jenkins DJA, Vuksan V, Jenkins AL, et al. Beneficial effect of 
a low-glycemic index diet in type 2 diabetes. Diab Med 1992: 9:45 1-58. 

Jenkins DJA, Wolever TMS, Collier GR, Ocana A, et al. The metabolic effects 
of a low glycemic index diet. Am J Clin Nutr 1987: 45580-87. 

Reiser S, Powell AS, Yang C-Y, Canary JJ. An insulinogenic effect of orai 
fructose in humans during postprandial hyperglycemia. Am J Clin Nutr 1987; 
45:580-87. 

Hall frisch J, Reiser S, Prather ES. B lood lipid distribution of hyperinsulinemic 
men consuming three levels of fmctose. Am J Clin Nutr 1983; 37:740-48. 

Swanson JE, Laine DC, Thomas W, Bantle JP. Metabolic effects of dietary 
hc to se  in healthy subjects. Am J Clin Nutr 1992; S5:85 1-56, 

Reiser S, Michaelis OE, Cataland S, O'Dorisio TM. Effect of isocaloric 
exchange of dietary starch and sucrose inhumans on the gastric inhibitory 
polypeptide response to a sucrose load. Am J Clin Nutr 1980; 33: 1907- 1 1. 

Gwinup G, Byron R, Roush W. Kruger F, Harnwi GJ. Effect of nibbling versus 
gorging on glucose tolerance. Lancet 1963; 2: 165-67. 

Jenkins DJA, Wolever TMS, Vuksan V, Brighenti F, et al. "Nibbling versus 
gorging:" Metabolic advantages of increased meal frequency. New Eng J Med 
1989; 32 1 :929-34. 



Akgun S, Ertel NH. The effects of sucrose, fmctose, and high-fructose corn 
syrup meals on plasma glucose and insulin in non-insulin-dependent diabetic 
subjects. Diabetes Care 1985; 8:279-83. 

DeFronzo RA, Bonadonna RC, Ferrannini E. Pathogenesis of NIDDM: a 
balanced overview. Diabetes Care 1992; 15:3 18-02. 

Wolever TMS. How important is prediction of glycemic responses? Diabetes 
Care 1989; l2:59 1-93. 

Gannon MC, Nuttai FQ, Westhal SA, Neil BJ, Seaquist ER. Effects of dose of 
ingested glucose on plasma metabolite and hormone responses in type II 
diabetic subjects. Diabetes Care 1989; l2:544-52. 

Bolognesi CM. Effects of meal timing, dose and type of carbohydrate on the 
glycemic responses to foods. Master of Science Thesis. University of Toronto, 
1995. 

Nelson M. Workshop on 'Nutrition and the school-child.' Food, vitamins and 
IQ. Proc. Nutr. Soc. 199 1; 50:29-35. 

Gibson SA. Consumption and sources of sugars in the diets of British 
schoolchildren: are high-sugar diets nutritionally inferior: J Hum Nutr Diet 
1993; 6:355-37 1. 

Cornmittee on Medical Aspects of Food Policy (COMA) Report. Department of 
Health, Report on Health and Social Subjects no. 37. London: Her Majesty's 
Stationary Office. Dietary Sugars and Human Disease: Conclusions. 1990 

Lewis CJ, Park YK, Behelen Dexter P, Yetley EA. Nutrient intakes and body 
weights of perçons consuming high and moderate levels of added sugars. J Am 
Diet Assoc 1992; 92:708-7 13. 

Richardson JF. Sugar intake of businessmen and its inverse relationship with 
relative weight. Br J Nutr 1972; 27:449-460. 

Walker ARP. Are high compared to low consumers of sugar more prone to 
obesity, diabetes and coronary heart disease? S Afr J Sci 1975; 7 1 :20 1-205. 

International Life Sciences Institute. Evaluations. In: Vettorazzi G, 
MacDonald 1, eds. Sucrose. Nutritional and Safety Aspects. Great Britain: 
Springer-Verlag Berlin Heidelberg, 1988: 10 1 - 1 06. 



Reiser S, Handler HB, Gardner LB, Hallfrisch JG, MichaeIis OE, Prather ES. 
isocaloric exchange of dietary starch and sucrose in humans: II. Effect on 
fasting blood insulin, glucose, and glucagon and on insulin and glucose 
response to a sucrose load. Am .I Clin Nutr 1979; 322206-22 16. 

Cohen AM. Teitelbaum MB, Groen JJ. Effect of interchanging bread and 
sucrose as main source of carbohydrate in low fat diet on glucose tolerance 
curve of healthy volunteer subjects. Am J Clin Nutr 1966; 1959-62. 

Anderson JW, Herman RH, Zakim D. Effect of high glucose and high sucrose 
diets on glucose tolerance of normal men. Am J Clin Nutr 1973; 26:600-607. 

Dunnigan MG, Fyfe T, McKiddie MT, Crosbie SM. The effects of isocaloric 
exchange of dietary starch and sucrose on glucose tolerance, plasma insulin and 
semm liids in man. Clin Sci 1970; 38: 1-8. 

Reiser S, Hallfrisch J. Glucose Tolerance. In: CRC Metabolic Effects of 
Dietary Fructose. USA: CRC Press, lnc.; 1987:53-73. 

Bantle JP. Clinical Aspects of Sucrose and Fructose Metabolism. In: 
Kretchmer N, Hollenbeck CB, eds. Sugars and Sweeteners. United States: 
CRC Press Inc., 199 1 :5 1-62. 

Hollenbeck CB, Coulston AM, Donner CC, Williams RA, Reaven GM. The 
effects of variations in percent of naturally occurring cornplex and simple 
carbohydrates on plasma glucose and insulin response in individuals with non- 
insulin-dependent diabetes rnellitus. Diabetes 1985; 34; 15 1-55. 

Crapo PA, Kolterman OG, Henry RR. Metabolic consequence of two-week 
fmctose feeding in diabetic subjects. Diabetes Care 1986; 9: 1 1 1 - 19. 

Bantle JP, Laine DC, Thomas JW. Metabolic effects of dietary fmctose and 
sucrose in types 1 and II diabetic subjects. JAMA 1986; 256:3241-46. 

McGandy RB, Hegsted DM, Myers ML, Stare FJ. Dietary carbohydrate and 
serum cholesterol Ievels in man. Am J Clin Nutr 1966 l8:237-42. 

Groen JJ, Balogh MT Yaron E, Cohen AM. Effect of interchanging bread and 
sucrose as main source of carbohydrate in a low fat diet on the semm 
cholesterol levels of healthy volunteer subjects. Am J Clin Nutr 1966; 19:46- 
58. 
Reiser S, Hallfrisch J, Michaelis OE, Sazar FL, Martin RE, Prather ES. 
Isocaloric exchange of dietary starch and sucrose in humans: Effects on levels 
of fasting blood lipids. Am J Clin Nutr 1979; 32: 1659-69. 



Reaven GM. Effect of dietary carbohydrates on the metabolism of patients 
with non-insulin dependent diabetes mellitus. Nutr Reviews 1986; 44:65-73. 

Mann JI, Truswell AS. Effects of isocaloric exchange of dietary sucrose and 
starch on fasting serum lipids, postprandial insulin secretion and alimentary 
lipaernia in human subjects. Br J Nutr 1972; 27:395-405. 

Roberts AM. Effects of a sucrose-free diet on the serum-lipid levels of men in 
Anarctica. Lancet 1973; 1 : 120 1-4. 

Frayn KN, Kingman SM. Dietary sugars and lipid rnetabolism in humans. Am 
J Clin Nutr 1995; 62(suppl):250S-63s. 

Naismith DJ, Stock AL, Yudkin J. Effect of changes in the proportion of the 
dietary carbohydrates and in energy intake on the plasma lipid concentration in 
healthy young men. Nutr Metab 1974; L 6:295-304. 

Reiser S, Bickard MC, Hallfrisch J, Michaelis OE, Prather ES. Blood lipids 
and their distribution in lipoproteins in hyperinsulinemic subjects fed three 
different levels of sucrose. J Nutr 198 1 ; 1 1 1: 1045-57. 

Palumbo PJ, Briones ER, Nelson RA, Kottke BA. Sucrose sensitivity of 
patients with coronary-artery disease. Am J Clin Nutr 1977; 30:394-40 1. 

Turner JL, Bierman EL, Brunzell JD, Chait A. Effect of dietary fructose on 
triglyceride transport and glucoregulatory hormones in hypertriglyceridemic 
men. Am J Clin Nutr 1979; 32: 1043-50. 

Bossetti BM, Kocher LM, Moranz JF, Falko JM. The effects of physiologie 
arnounts of simple sugars on lipoprotein, glucose and insulin levels in normal 
subjects. Diabetes Care 1984; 7:3O9- 12. 

Reiser S, Powell AS, Scholfield DJ, Panda P, Ellwood KC, Canary JJ. Blood 
Lipids, lipoproteins, apoproteins, and uric acid in men fed diets containing 
fnictose or high-amylose cornstarch. Am J Clin Nutr 1989; 49:832-39. 

Crapo PA, Kolterrnan OG. The rnetabolic effects of two-week fnictose feeding 
in normal subjects. Am J Clin Nutr 1984; 39525-34. 

Hayford JT, Danney MM, Wiebe D. Roberts S, et al. Triglyceride integrated 
concentration: effect of variation of source and arnount of dietary 
carbohydrate. Am J Clin Nutr 1979; 32: 1670-78. 



Mann JI. Watermeyer GS. Manning EB, Randles J, et al. Effects on semm 
lipids on different dietary h t s  associated with a high sucrose diet. Clin Sci 
1973; 44:60 1-4. 

Albrink MJ, Ullrich IH. Interaction of dietary sucrose and fiber on serum lipids 
in healthy young men fed high carbohydrate diets. Am J Clin Nutr 1986; 
43 :4 19-28. 

Yudkin J, Eisa O, Kang SS, Kang SS, Shokoufeh M, Bmckdorfer KR. Dietary 
sucrose affects plasma HDL cholesterol contration in young men. Ann Nutr 
Metab 1986; 30:26 1-66. 

Shimizu S. Yasai K, Tani Y, Yarnada H. Acyl-CoA oxidase with an alternative 
oxygen acceptor. An Clin Biochem 1980; 1 3: 15 1 .  

Guyton AC. Human Physiology and Mechanisms of Disease. USA: W. B. 
Saunders Company, 1992: 555. 

Wolever TMS, Jenkins DJA, Jenkins AL, Josse R. The glycemic index: 
methodology and clinical implications. AM J Clin Nutr 1991; 54:846-54. 

Olson, CL. Statistic: Making Sense of Data. Newton: Allyn and Bacon, Inc., 
19871508-6 1. 

Ott, RL. An Introduction to Statistical Methods and Data Analysis. Belmont: 
Wadsworth, Inc., l993:807-41. 

Foster-Powell K, Brand Miller J. International tables of glycernic index. Am J 
Clin Nutr 1995; 62:W 1 S-93s. 

Wolever TMS, Jenkins DJA, Lee R, Josse RG, Wong GS. The glycemic index: 
similarity of values derived in insulin-deprendent and non-insulin-dependent 
diabetic patients. .l Am Col1 Nutr 1987; 6:295-305. 

Jenkins DJA, Wolever TMS, Jenkins AL, Thorne MJ, Lee R, Kalmersky J, 
Reichert R, Wong GS. The glycemic index of foods tested in diabetic patients: 
A new basis for carbohydrate exchange favouring the use of legumes. 
Diabetologia 1983; 24:257-64. 

Wolever TMS, Jenkins DJA, Vuksan V, et al. Glycemic index of foods in 
individual subjects. Diabetes Care IWO; 13: 126-32. 

Jenkins DJA, Wolever TMS, Thorne MJ, Jenkins AL, Wong GS, Josse RG, 
Csima A. The relationship between glycemic responses, digestibility, and 



factors influencing the dietary habits of diabetics. Am J Clin Nutr 1984; 
40: 1 175-9 1. 



Appendices 



APPENDIX A: 

CONSENT FORM 

EFFECTS OF SUCROSE, FRUCTOSE AND GLUCOSEON 
POSTPRANDIAL PLASMA GLUCOSE AND INSULIN RESPONSE 

Investigators: Thomas MS Wolever, MD, PhD 
Department of Nutritional Sciences, University of Toronto 
Tel: 978-5556 
Brenda Lee 
Department of Nutritional Sciences, University of Toronto 
Tel: 978-0403 

Purpose 
High blood glucose and insulin levels may increase the risk of developing 

diabetes, high blood pressure and heart disease. The purpose of this study is to examine 
the effects of sucrose, mictose and glucose on postprandial plasma glucose and insulin 
responses. 

Procedures 
If I agree to take part in this study, 1 will corne to the Clinical Nutrition and Risk 

Factor Modification Center (61 Queen Street East, 6th Floor) on 14 different momings 
after a 10-12 hour ovemight fast over a period of 2-4 months. Each visit will take 
approximately 2 1/2 houn. When 1 amive, 1 will be weighed and then have a small tube 
inserted into a vein in my a m  for taking blood samples. This tube will be kept open by 
injecting 2-3 ml (1/2 teaspoon) of normal saline (salt solution) after each blood sample. 
Afier a fasting blood sarnple is obtained, 1 will be given one of 14 different breakfast test 
meals consisting of coffee, tea or water with glucose, fnictose, sucrose or white bread. I 
will be asked to consume the test meal within 10-15 minutes. Blood samples (3 ml or 1/2 
teaspoon) will be taken at 15, 30, 45, 60, 90 and 120 minutes after starting to eat for 
rneasurement of blood glucose and insulin responses. The arnount of blood taken is 
minimal for measuring glucose and insulin and any left over blood will be discarded. 
ABer the last blood sample, 1 will be free to leave. The total arnount of blood drawn for 
the whole study will be approximately 300 ml ( 1 1 /S cup). 

Rîsks/discomforts 
There is virtually no risk fiom taking part in this study. Minor discornfort is 

expected when the tube is inserted into rny vein, and saline injection may be felt as a 
coolness in the m. which is normal and harmless. This can be reduced by w m i n g  the 
saline with the heating pads provided. Bruising may occur when the tube is removed, but 
this can be prevented by keeping pressure on the site for 3 minutes afier the tube is 
removed. 



Benefits 
1 will derive no direct benefit from this study apart from being informed of my 

results. If i wish, 1 may request that the results be fowarded to my doctor. 

Confidentiality 
1 undentand that the results of this snidy may be published in a scientific journal 

as rnean results, but individual subjects will not be identified, and my results will be 
confidential. My results will not be shown to anyone without my written permission, or 
as required by law. 

Payments 
As compensation for the time I spend participating in the study and to defray 

transportation costs, 1 will be paid 1620 for each of the 14 study sessions I complete (total 
of $280 for the entire study). 1 understand that the results will not be valuable to the 
investigators unless 1 complete al1 14 sessions. 

Stopping the study 
1 understand that the investigator may stop my being in the study at any time 

without my consent. My participation may be discontinued if the investigator judges that 
it is in my best interests or if I fail to comply with the study procedures. 

Qualifications 
1 understand that 1 cannot be in this study if 1 abuse alcohol or dmgs, or if I have a 

serious illness which is not under control. I am above the age of 18 years. 

Consent 
I have read this consent form and have had al1 my questions about the study 

answered. 1 believe that 1 know what will happe11 to me if 1 agree to participate. 
1 fieely volunteer to take part in this study. I may quit at any time. If 1 decide not 

to participate, or quit, I will not be penalized and will not give up any benefits which 1 
had before entering the study. 1 have received a copy of this consent form. 

Volunteer's narne:. ........................................................................................................... 

Date of birth: ........................ Height (cm): ....................... Weight (kg): ....................... 

Volunteer's signature: .............................................................. Date:.. ...................... 

Investigator's 
signature: ............................................................................ ..Date:. ......................... 



APPENDIX B 

Relative incremental areas under plasma glucose and insulin response curves 
after different doses of sugars and white bread were consumed by 8 normal 
heaithy subjects. 

Available Carbohvdrate Portion 

PLASMA GLUCOSE 

Bread 

Fructose 

Glucose 

Sucrose 

PLASMA INSULIN 

Bread 

Fructose 

Glucose 

Sucrose 

Values are means + SEM. Superscript "a" indicates no significant differences from 
the response to O g carbohydrate. Means with different superscripts are significantly 
different at p<0.05. *Indicates 50 g glucose + 50 g hctose. 
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