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ABSTRACT 
 

Renewed interest in the study of fructose arose after a number of papers on the 

harmful effects of ingesting high-fructose diets were published. Fructose intake has 

increased significantly in the United States and worldwide in the last four decades, which 

is mainly due to the increased consumption of high-fructose corn syrup and sucrose as a 

sweetener in beverages and in industrialized foods. There is substantial evidence from 

studies on rodents and on human adults suggesting that fructose intake in large amounts 

and for a long period of time leads to the development of the metabolic syndrome, insulin 

resistance, and dyslipidemia with increased plasma triacylglycerol, phospholipids and de 

novo lipogenesis. As a consequence, fructose may contribute to increased obesity, hyper-

tension, type-2 diabetes and cardiovascular diseases. Fructose is a monosaccharide found 

in fruit, some vegetables and honey. Sucrose, a natural sweetener found in sugar cane and 

beets (50% fructose), is a disaccharide with two hexoses, one glucose molecule bonded to 

a fructose molecule by an alpha-1-4 glycoside. Although fructose has the same chemical 

formula as that of glucose (C6 H12 O6), it differs in its structure and metabolism. In the 

last few decades, sweeteners have been produced by corn starch hydrolysis, and part of 

the glucose produced is changed into fructose by enzymatic isomerization. This high-

fructose corn syrup (42%-55% fructose) has a lower price than sucrose, and it has in-

creasingly replaced sucrose as a sweetener in beverages and industrialized foods. 
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Fructose can be produced from glucose by the sorbitol pathway. In endogenous fructose 

production, non-phosphorylated glucose is converted into fructose. Initially, glucose 

produces sorbitol in a reaction catalyzed by aldose reductase. In the next step, fructose is 

formed from sorbitol in a reaction catalyzed by sorbitol dehydrogenase. This pathway 

may be important in the embryonic stages of human life for regeneration of pyridine 

nucleotides in order to maintain ATP concentrations and cellular redox potentials when 

the fetus is in a low oxygen environment. After absorption, fructose is rapidly extracted 

by the liver and metabolized into fructose-1-phosphate in a reaction catalyzed by 

fructokinase, which is specific for fructose. Subsequently, fructose-1-P is split by 

fructose-1-phosphate aldolase in trioses, dihydroxyacetone phosphate and glycer-

aldehyde, a pathway to provide the backbone for triacylglycerol and phospholipid syn-

thesis. Triose-P is converted into glucose and glycogen as well as into lactate, which can 

produce plasma lactic acidosis, and into glycerol, a precursor for triglycerides and de 

novo lipogenesis. Although considerable evidence suggests that high fructose intake can 

produce harmful effects, investigations where high-fructose diets are compared with 

high-glucose diets are necessary to clarify the real role played by free fructose in adverse 

metabolic effects. In epidemiological studies, the analysis of the effects of high-fructose 

corn syrup and high sucrose intake must consider that both products are composed of 

fructose and glucose.  

 

 

INTRODUCTION 
 

Fructose is a carbohydrate found in plants and humans. It was isolated in 1947 from sugar 

cane, where it is a component of sucrose. The word fructose originates from the Latin fructus 

as fruits are an important source of fructose. Fructose is considered a sugar and the word 

sugar is derived from the Sanskrit çarkara which means grain of sand. From this Sanskrit 

word came the Greek word sakkaron, the Latin word saccharum, and the Arabic word sukkar. 

Free fructose is normally ingested with diet, as a component of honey, fruits, and some 

vegetables. It is also synthesized in the organism from glucose through the sorbitol pathway. 

In normal cellular metabolism this pathway is related to oxy-reductive process and 

regeneration of pyridine nucleotides.  

Interest in studying fructose was renewed after many papers appeared on the harmful 

effects of high fructose diets. There is substantial evidence from studies in human adults 

suggesting that high fructose diets can induce metabolic syndrome, insulin resistance, and 

increased de novo lipogenesis which results in increased plasma triacylglycerol, phosphor-

lipids and cholesterol. As a consequence high fructose diets may contribute to obesity, Type 2 

diabetes, hyperuricemia, high blood pressure, and cardiovascular diseases. 

Early studies focused on its role as a glucose substitute in medical practice. Some studies 

suggested that fructose may be beneficial to individuals who are overweight, have non-insulin 

dependent diabetes mellitus, or participate in exercise activities [1]. However the clinical 

benefits conflict with harmful effects like ATP consumption, hypertriglyceridemia, and 

lactacidemia. Presently, its use is limited to specific situations such as a sport drink during 

endurance exercises. 

In the last few years, fructose consumption has significantly increased as many Indus-

trialized products use high-fructose corn syrups in place of sucrose to sweeten processed 

foods and beverages like bakery products, juices, and candies.  
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This chapter will present an overview of the fructose metabolism, possible uses, and the 

harmful effects when it is consumed in high quantities over long periods. 

 

 

BIOCHEMICAL CHARACTERISTICS 
 

Fructose is a monosaccharide with six carbon atoms linked, by simple covalent bonds, to 

hydroxyl groups formed by hydrogen and oxygen, and a carbonyl group with a double bond, 

linking carbon to oxygen. The position of this group determines whether carbohydrate 

hydrolysis will result in a ketone or an aldehyde. As fructose has the carbonyl group -CO- at 

the end of the chain, when hydrolyzed it produces ketone. For this reason fructose is 

considered a ketohexose. Although fructose has the same chemical formula as glucose (C6 

H12 O6) it differs in structure and metabolism. Glucose has the carbonyl group in the first 

carbon and when hydrolyzed produces aldehyde. Carbohydrate oxidation is the main pathway 

for producing energy in most cells. 

 

 

SOURCES OF FRUCTOSE 
 

Fructose, also called levulose (D-fructose), can be found in fruits and honey as an 

isolated carbohydrate, or as a component in more complex carbohydrates like sucrose, and 

polymers like fructosan, e.g. inuline, found in certain tubers. Sucrose, a natural sweetener 

found in large quantities in sugar cane and beets (50% fructose), is a disaccharide with two 

hexoses, one molecule of glucose linked to one molecule of fructose by an alpha 1-4 

glycosidic bond [2]. Raffinose, a trisaccharide found in cotton seed and sugar beet molasses, 

is composed of D-glucose, D-fructose, and D-galactose, and is formed by the transfer of 

galactose from UDP-galactose to sucrose.  

Fructose can result from oxidation of sorbitol in a reaction mediated by sorbitol 

dehydrogenase. Sorbitol is present in many plants, particularly apple, pear, cherry, plum, and 

apricot. Table 1 shows the fructose, glucose, and sucrose content of several foods. 

In the seventies, high performance liquid chromatography facilitated the separation of 

fructose from sugars. This method increased the production of a pure form of fructose and 

decreased its price. As well as isolating an isomerase which could transform D-glucose in D-

fructose [4], contributed to the commercial introduction of high-fructose corn syrup (HFCS), 

a corn starch syrup rich in fructose. HFCS-42 (42% fructose) was introduced in 1967 and 

HFCS-55 (55% fructose) in 1977. HFCS-42 is 1.16 times and HFCS-55 1.28 times as sweet 

as sucrose [4]. This high-fructose corn syrup is cheaper than sucrose and has increasingly 

replaced sucrose as a sweetener in beverages and industrialized foods [6]. Fructose is highly 

soluble in water solutions and very sweet, 1.7 times the sweetness of sucrose, favoring its use 

over sucrose. Bakery foods contain between 1.0% and 2.05% fructose and if fruits are added 

this may increase to nearly 11.0%. Honey is high in fructose, 42.4%, and is considered a 

natural sweetener [6]. 
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Table 1. Sugar contents of foods, g/100g 
 

Foods Fructose Glucose Sucrose 

Apple 

Apple juice  

Apricot, raw 

Apricot, dried 

Bananas 

Blackberries 

Blueberries 

Cherries 

Figs, raw 

Figs, dried 

Grapes 

Orange raw 

Orange juice, raw 

Pears raw 

Pear juice, raw 

7.6 

5.5 

0.7 

12.2 

2.7 

4.1 

3.6 

6.2 

2.8 

26.0 

6.9 

2.5 

3.0 

6.4 

7.1 

2.3 

2.5 

1.6 

20.3 

4.2 

3.1 

3.5 

8.1 

3.7 

28.6 

6.6 

2.2 

2.8 

1.9 

1.6 

3.3 

1.7 

5.2 

6.4 

6.5 

0.4 

0.2 

0.2 

0.4 

6.5 

1.4 

4.2 

4.1 

1.8 

- 

Honey 41 34 2 

Asparagus  

Beets 

Broccoli 

Carrots 

Cauliflower 

Tomato 

1.3 

0.2 

0.7 

1.0 

0.8 

1.4 

0.9 

0.2 

0.6 

1.0 

0.9 

1.1 

0.2 

6.1 

0.3 

3.6 

0.5 

0.0 

Adapted from Mathews et al. (1987), ref. [3], and Hallffrisch (1990), ref. [14]. 

 

 

FRUCTOSE CONSUMPTION 
 

Carbohydrate intake in the Western World is 200-300g/day corresponding to between 

40% and 50% of ingested energy. In the United States, mean daily fructose intake is 16g/day 

and 31g/day at the 90 percentile; if corn syrup is added this may reach 60-100g/day, or even 

150g/day if sucrose is added [7]. 

Added sweeteners are important components of the American diet and from 1994 to 

1996, represented 318kcal of dietary intake and 16% of total caloric intake. There is no doubt 

that fructose ingestion has increased in the last few decades in the United States, the highest 

consumers being teenagers and young adults, and sweet beverages the most important source 

of fructose intake [2]. 

In 1970, reports from the United States Department of Agriculture (USDA) indicated that 

the per capita added sugar in the American diet was 90/g day and no HFCS was consumed. 

Between 1970 and 1985 HFCS consumption increased and sucrose intake decreased [2]. 

USDA dietary records from 1977-1978 indicated mean daily fructose intake was 37g in the 

United States population [8]. In this survey sugar sweetened-beverages appeared as the 

mainly source of fructose in all age classes. The exception was for children under 6 years and 

adults over 50 years [8]. In an interesting review article, Tappy and Lê [2] analyzed the evolu-
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tion of fructose intake. The authors found that from 1977 to 1990 average daily fructose in-

take was 54.7g, corresponding to an increase of 46% in a 10 to 16 year period (The Third 

National Health and Nutrition Examination Survey-NHANES III). Assessment of the 

evolution of fructose intake from 1999 to 2004 indicated that average fructose consumption 

was 49g/day and accounted for 42% of all calories from sweeteners consumed (NHANES 

1999-2004) [2]. 

Although the United States is the main HFCS user in the world, HFCS is now produced 

and used in other countries, but data is scant. South America and Oceania are the highest 

sugar consumers; the lowest are Asia and Africa [2]. 

In Brazil, a sugar exporting country, mean fructose ingestion from fruit and vegetables is 

4.34g/day, and from sucrose, 27.5g/day. This estimate was based on statistical data of alimen-

tary ingested products, from the 1995/6 survey of Brazilian family budgets (IBGE-8) [9]. 

 

 

METABOLIC ASPECTS OF FRUCTOSE 
 

Intestinal absorption 
 

Fructose absorption across the small intestine is performed by two different mechanisms. 

Absorption takes place via a facilitated transport, independent from glucose, with a slower 

absorption rate than glucose and galactose, and by a glucose-dependent high capacity co-

transport [10]. 

Fructose, present at the brush-border membrane, is transported into the enterocyte 

through a specific fructose transporter, GLUT5, located at the apical pole of the enterocyte. 

This transporter has a high affinity for fructose and low affinity for glucose. Fructose is trans-

ported throughout the enterocyte by the GLUT2 transporter, situated at the basolateral pole of 

the enterocyte.  

The capacity of human adults to absorb fructose is limited and symptoms of malabsor-

ption such as diarrhea and flatulence have been reported after fructose loading. This effect is 

largely abolished when fructose is ingested with glucose possibly due to activation of the 

fructose transporter by glucose [1, 11]. Fructose absorption is increased when ingested as 

sucrose or ingested with glucose. During glucose absorption small solutes, including fructose, 

move passively through opened junctions increasing fructose absorption by 29% [12]. 

Malabsorption rates for fructose and sorbitol are very similar in all studies. They vary accord-

ing to the quantity and concentration of the sugar. After a 50g load of fructose in a 20% 

solution, 60% to 70% of patients display malabsorption [13]. 

 

 

Hepatic Metabolism 
 

First Steps of Fructose and Glucose Metabolism 

Fructose is mainly metabolized in the liver, although the intestines and kidneys have the 

enzymes necessary for its metabolism. A small proportion of orally administered fructose 

may be converted to glucose and lactate during transport through the intestinal wall [2]. 
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After absorption, the fructose present in portal blood is rapidly extracted by hepatocytes. 

Although fructose is absorbed more slowly than glucose, it is more rapidly metabolized by 

the liver. The rapid fructose entrance into liver cells is mediated by the GLUT2 transporter. 

This process takes place without energy expenditure or insulin stimulation. Differently to 

glucose, fructose only has a modest effect on the stimulation of insulin secretion and does not 

require the presence of insulin to enter the intracellular compartment [1]. 

The initial steps of hepatic glucose metabolism differ from those of fructose, where 

different enzymes and reactions take place. Glucose is converted into glucose-6-P under 

hexokinase or glucokinase enzyme action. Glucose-6-P is converted to fructose-6-P and to 

fructose-1,6-di-P through a reaction catalyzed by the enzyme phosphofructokinase. Sub-

sequently fructose-1,6-di-P is cleaved into two trioses, di-hydroxyacetone-P and glyce-

raldehyde-3-P (Figure 1). The metabolites from fructose-1,6-di-P will further be converted 

into pyruvate that enters the Krebs cycle to produce ATP and CO2. The conversion of glucose 

to pyruvate is regulated by the energy status of cells, and by insulin that stimulates gluco-

kinase gene expression and the activation of glycolytic enzymes [2]. 

 

 

 Figure 1. Fructose and glucose metabolism. Possible fructose metabolic pathway to generate 

triacylglycerol synthesis. 
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A large part of fructose uptake from the portal vein occurs immediately during the first 

pass in the liver. Once inside the cell, fructose is rapidly phosphorylated on carbon one in a 

reaction mediated by fructokinase, a fructose specific enzyme, and is converted to fructose-1-

phosphate. This phosphorylation bypasses the initial limiting steps of insulin-stimulated 

transport needed for glucose metabolism. The increase in fructose intake stimulates increased 

fructokinase activity [14]. Further, fructose-1-phosphate is cleaved by aldolase B into two 

trioses: di-hydroxyacetone phosphate and glyceraldehyde, rather than glyceraldehyde-3-P 

which is directly produced in glucose metabolism. Di-hydroxiacetone phosphate can be iso-

merized into glyceraldehyde-3-phosphate. Glyceraldehyde from fructose is further phospho-

rylated to glyceraldehyde-3-P. This is the point where fructose metabolism is interrelated with 

glucose metabolism.  

 

Metabolic Fate of Triose-P from Fructose 

Triose-P derived from fructose can be further metabolized in different ways. The major 

part of triose-P is converted to glucose and glycogen through gluconeogenesis [2,15] (Figure 

1). About two thirds of fructose is converted to glucose, which may accumulate as glycogen, 

be released from liver as glucose [1], or be oxidized in extrahepatic tissues [2]. 

Triose-P may be metabolized in the glycolytic pathway and then converted into lactate 

and pyruvate. A significant increase in plasma lactate can be observed after oral or intra-

venous fructose intake, and has been associated with lactic acidosis. Under normal circums-

tances, small amounts of fructose can be converted into pyruvate and oxidized to carbon diox-

ide through the tricarboxylic acid cycle. Before pyruvate entrance in the citric acid cycle it 

must be oxidatively decarboxylated to acetyl-Co-A, the source of carbon for fatty acid syn-

thesis. Only a small proportion of fructose is converted to de novo fatty acids (Figure 1) [16]. 

Part of the glyceraldehyde produced is phosphorylated by a specific kinase to glycerol-

dehyde-3-P, a precursor of glucose production through gluconeogenesis. Part is reduced to 

glycerol by the action of glycerol 1-dehydrogenase and then phosphorylated to provide 

glycerol-3-P, a precursor in the synthesis of acylglycerols and other lipid products by de novo 

lipogenesis [14,17] (Figure 1).  

The bulk of blood triacyglycerol is carried in 2 lipoprotein particles: chylomicrons and 

VLDL particles. Chylomicrons are produced by the intestine and are found in low 

concentrations in blood during fasting. These particles contain proteins, apolipoprotein B-48, 

and carry triacylglycerol derived from ingested fat. VLDL particles are produced by the liver, 

contain apolipoprotein B-100, and carry endogenous triacylglycerol. Concentrations of apo B-

48, the apolipoprotein from chylomicrons, are normally 6 times lower (0.01µmol/L or 

0.3mg/dL) than those of VLDL apo B-100 (0.06µmol/L or 3mg/dL) in the fasting state. Blood 

triacylglycerol (20% to 50%) can be carried in remnants of VLDL called intermediate-density 

lipoproteins (IDLs) [18]. 

The adverse effects of high fructose intake are related to the amount of fructose and the 

length of time that a person remains on a high fructose diet. Rats fed a high fructose diet, 

exhibit characteristics of metabolic syndrome which include insulin resistance, hyperinsuline-

mia, hypertriglyceridemia, and hypertension. The adverse effects were related to the amount 

and duration of fructose consumption [19]. There is evidence from studies of at least 4 weeks 

dietary control that diets containing ≥20% energy as fructose can cause lipid abnormalities 

like hypertriglyceridemia due to VLDL-triglyceride increases when associated with hyper-

insulinemia, and LDL-cholesterol increases in normoinsulinemic subjects [20]. A discretely 
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lower amount of fructose, >15% of energy as fructose, was associated with increases in both 

fasting and postprandial triacylglycerol in humans [16]. In perfused liver, fructose inhibited 

hepatic lipid oxidation and facilitated fatty acid reesterification and VLDL-triglyceride 

synthesis [21]. 

As fructose can be metabolized by different pathways, more studies are needed to 

identify the contribution, and possible effects on human health, of each metabolic pathway. In 

a study investigating the effects of fructose or glucose meals on postprandial lipemia in 14 

healthy subjects, the authors used stable isotopes, [2H2]palmitate and [U
13

C]D-fructose or 

[U
13

C]D-glucose to trace the fate of dietary sugars [16]. Post-meal plasma triacylglycerol 

concentration was higher and rose earlier after fructose than glucose ingestion. The authors 

concluded that the contribution of de novo fatty acids to the increase of VLDL-triglycerides 

(VLDL-TG) by fructose is small. In contrast, de novo TG-glycerol formed from labeled 

fructose made up 38% of circulating VLDL-TG 240 minutes after fructose ingestion. Only 

35% of the fructose load was oxidized over 6 hours. Approximately 40% of the remaining 

fructose was transformed into lactate and glycogen. The authors concluded that fructose 

contribution to de novo triacylglycerol synthesis through glycerol production is more 

significant than its contribution through fatty acid production. The conclusion was that a 

decrease in plasma-TG removal, via a lower activation of adipose tissue lipoprotein lipase, 

contributes to acute fructose-induced lipemia [16,18,20]. The exact contribution from lipo-

protein lipase needs to be clarified. Not only in humans was decreased triglyceride clearance 

considered a contributory factor to high triacylglycerol levels, but studies using rats fed high-

fructose diets also lead to the conclusion that both fructose and sucrose increased triglyceride 

production and decreased triglyceride clearance [16,22]. 

 

 

Endogenous Fructose Production  
 

An interesting aspect of fructose metabolism is endogenous fructose production by the 

sorbitol pathway. Sorbitol is frequently ingested with food as it is found mainly in fruits, or 

can be produced from glucose as an alternative pathway in glucose metabolism (Figure 2). In 

this pathway, fructose is created in the liver directly from glucose supplied by the blood 

through the intermediate formation of its corresponding alcohol, D-sorbitol. This pathway has 

not been fully studied in humans and its real function and contribution to the total fructose 

pool is unknown. 

It is has long been known that human spermatozoa live in a fructose environment pro-

duced by the prostate gland and seminal vesicles. The metabolic pathway includes aldose re-

ductase and sorbitol dehydrogenase. The same process may occur in the liver, nerve tissue, 

and muscle [23]. The polyol pathway has also been identified in plants and animal tissues 

[24]. 

Ungulate animal placentas produce fructose and high fructose concentrations are found in 

fetal blood. Biochemical evidence has shown that fetal fructose in these animals is produced 

in the placenta from maternal glucose [25,26]. In the human fetus and newborn, data on 

polyols and sugars other than glucose, are scarce and their roles in placental, fetal, and 

postnatal metabolism need to be defined [27], Fructose, sorbitol, inositol, erythritol, and 

ribitol in coelomic and amniotic fluid from 5 to 12 week gestation embryos [28], and sorbitol 
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in cord blood from full-term newborns have been found at higher levels than maternal 

concentrations, suggesting that the polyol pathway is active in the fetus [29]. 

In endogenous fructose production, non-phosphorylated glucose is converted into 

fructose (Figure 2). In a first step, glucose, in a reaction catalyzed by aldose reductase, 

generates sorbitol and NADPH is oxidized to NADP
+
. In the second step, fructose is formed 

from sorbitol in a reaction catalyzed by sorbitol dehydrogenase and NAD
+ 

is reduced to 

NADH, a co-factor that under anaerobic conditions is reoxidized by the conversion of 

pyruvate to lactate which can result in increased blood lactate [1,28,30]. NAD
+ 

allows the 

glycolisis process to continue and produce ATP [14,28,31]. This route bypasses the ordinary 

glucose metabolism pathways, in which phosphorylated derivatives are intermediates. 

 

 

Figure 2. Schematic representation of fructose production and metabolism via the polyol pathway. 
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Many papers have been published concerning the harmful effects of high–fructose diets 

on human adults. In contrast few papers refer to obese children and high fructose diet [32], 

and one investigated fructose in coelomic and amniotic fluid from 5-12 week gestation 

embryos showing the presence of fructose in early life [28]. The lack of studies in this 

vulnerable period of life stimulated us to investigate fructose in fetus (cord blood) and the 

newborn infant to identify its presence in the early perinatal period and to find a physiological 

role for it.  

In our study [33], investigating the presence of fructose in maternal blood and umbilical 

cord blood, and in peripheral blood from the normal full-term newborn 48h after delivery, we 

could observe that fructose concentrations in fetal blood were significantly higher than in 

maternal blood, suggesting endogenous fructose production by the fetus via the sorbitol 

pathway. The highest fructose values were found in newborns 48h after birth suggesting that 

fructose production is a continuous process from fetus to newborn infant. Considering that the 

newborns were breast-fed and that analysis of their breast milk showed it did not contain 

sorbitol or fructose, we concluded that fructose originated from glucose or glycogen through 

the sorbitol pathway [33]. From the beginning we had two questions: why the fetus uses an 

alternative pathway to the glucose metabolism to produce fructose, considering that glucose is 

a very important carbohydrate in producing energy for fetal and newborn brain and growth. 

The second was about the destiny of the endogenous fructose produced. 

Besides a suggestion in literature [28] that fructose pathways play a role in reoxidation of 

pyridine nucleotides during the early stages of gestation, we hypothesized that fructose may 

be a precursor for lipid synthesis in the fetus and newborn. This hypothesis is based on the 

concept that fructose is more lipogenic than glucose and from analyzing the lipogenic effects 

of high-fructose diets in humans. At 50% to 60% gestation there is little lipid uptake by the 

fetus, mainly the essential fatty acids necessary for membrane development. In the last 

trimester of gestation large amounts of body fat are deposited (12% to 18% of body weight). 

The importance of this adiposity and the mechanisms that produce it are not well known. 

Considering that neutral lipids do not pass through the placental barrier, they must be 

produced by the fetus, thus fructose may contribute to the carbon backbone for triacylglycerol 

production in the fetus, and also in the newborn as seen in sheep fetuses [34]. In that article 

the [
14

C] derived from [
14

C] glucose and [
14

C] fructose infused in fetal circulation was 

incorporated into neutral lipids and phospholipids from the heart, liver, kidney, brain, and 

adipose tissue. The incorporation patterns from fructose and glucose were similar. 
 

 

 

Ectopic Lipid Deposition 
 

Literature is scarce on intrahepatocellular (IHCL) and intramyocellular (IMCL) 

accumulation of lipids as a consequence of high-fructose diets in humans. Triglyceride 

deposition in hepatocyte cytoplasm leads to nonalcoholic liver disease. In rodents, a high-

fructose diet induces hepatic insulin resistance, IHCL, and stimulates hepatic de novo 

lipogenesis [35]. High-fructose or sucrose ingested for long periods may induce hepatic 

steatosis, insulin resistance, and IMCL accumulation [36,37,38]. In healthy subjects with and 

without a family history of Type 2 diabetes submitted to a 7-day isocaloric diet or 

hypercaloric high-fructose diet, the authors concluded that the high-fructose diet increased 

fasting VLDL-triacylglycerol, induced ectopic lipid deposition in liver and muscle, and 
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decreased hepatic insulin sensitivity. The high-fructose diet increased VLDL-triacylglycerols 

and IMCL to a greater extent in healthy offspring of subjects with a family history of Type 2 

diabetes. This group appeared more susceptible to the adverse effects of high-fructose diets 

[37]. These characteristics were considered indicators of genetically determined metabolic 

alterations [37]. 
 

 

FRUCTOSE AND EXERCISE 
 

During prolonged exercise blood glucose levels fall and muscle glycogen depletion 

occurs. This limits athletic performance. Ingestion of carbohydrate solution, prior to 60 

minutes or longer of high-intensity exercise can delay fatigue and improve endurance 

performance, by preventing hypoglycemia and by maintaining a high carbohydrate-oxidation 

rate. This is important during the later stage of exercise, when endogenous muscle and liver 

carbohydrate stores may be depleted [1]. The contribution by exogenous glucose to energy 

provision during prolonged high-intensity endurance exercise is limited to ~1.0-1.1g/min, 

even when ingested in quantities that exceed this rate. This could be explained by saturation 

of sodium-dependent glucose co-transporter (SGLT1) which is located in the brush-border 

membrane of the small intestine and is responsible for absorption of glucose by active 

transport [39]. 

Literature shows that glucose intake during endurance exercises has beneficial effects. 

However, glucose stimulates insulin and suppresses glucagon secretion. Fructose, on the 

contrary, produces minimal changes in blood glucose, insulin, and glucagon levels and is 

considered a more ideal energy source during prolonged exercises [1]. Although fructose has 

some advantages over glucose as an energy source, there are conflicting reports in literature, 

and it has been suggested that fructose, as a supplement in sports drinks, may have little 

advantage over glucose ingestion during endurance exercise [1]. 

There are benefits in the association of glucose and fructose. During exercise, fructose 

ingested with glucose increases exogenous carbohydrate oxidation rate up to 1.75g/min 

compared with 1g/min during exercise with glucose alone [40,41]. Fructose ingested with 

glucose increased intestinal glucose transport. This could explain the increase in glucose 

oxidation rate [40-42]. 

Plasma lactate increases during exercise when fructose and glucose are ingested together 

compared to isoenergetic amounts of glucose or glucose polymers. This could have a 

beneficial effect because lactate is efficiently oxidized by active muscles during exercise 

[43,44]. In a study with human volunteers, LeCoutre et al. observed that co-ingestion of 

fructose and glucose prior to exercise lead to an increase in carbohydrate oxidation rate, due 

essentially to enhanced lactate oxidation [45]. 
 

 

EFFECTS OF DIETARY FRUCTOSE 
 

Dyslipidemia 
 

Although many publications in literature address the effects of dietary fructose on lipid 

metabolism in humans, analyses must take into account that in high-fructose diets, fructose is 
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ingested together with glucose as a component of sucrose, or as HFCS which is composed of 

fructose and glucose. Administration of equivalent quantities of pure fructose, sucrose, a 

mixture of glucose and fructose, or HFCS resulted in similar postprandial increases in 

triglycerides [46]. Also many of the health problems induced by fructose are similar to 

diseases produced by overeating, high-fat diets, and high-carbohydrate diets. High-

fructose/high-sucrose diets lead to adverse metabolic effects and cause dyslipidemia, insulin 

resistance, hypertension, hyperuricemia, and obesity [2]. Although animal studies have been 

described since 1970 [47,48], the bulk of literature on dietary fructose and human health has 

only appeared in the last twenty years.  

Some human groups are more susceptible to presenting hypertriglyceridemia from 

fructose intake; these include the male gender, post menopause women, hyperinsulinemic 

men, previous hypertriglyceridemia, and Type 2 diabetes [14]. 

In 2000, Bantle et al. [49] reported gender differences when feeding men and women for 

6 weeks on a diet providing 17% of energy as fructose, and a diet sweetened with glucose. In 

men, the fructose diet significantly increased fasting, postprandial, and daylong plasma 

triacylglycerol concentrations compared to the glucose diet. In women, fructose had no effect. 

The reason for this gender difference was not clear. Also, triacylglycerol concentrations were 

higher in men than women after 24h ingestion of HFCS or sucrose sweetened beverages [46]. 

These data suggest that men are more susceptible than women to the effects of sugars 

containing fructose [46]. 

In an investigation of the mechanisms of the acute effect of fructose on postprandial 

lipemia, the authors used stable isotopes to trace the metabolism and the fate of dietary 

fructose and glucose [16]. Plasma triacylglycerol and VLDL-triacylglycerol concentrations 

were higher whereas the concentration of insulin and [
2
H2]palmitate in nonesterified fatty 

acids were lower after fructose than after glucose diets. The conclusion was that the lower 

insulin secretion after fructose ingestion may result in less activation of adipose lipoprotein 

lipase and impairment of triacylglycerol clearance. Therefore, two mechanisms seem to be 

responsible for the increased triacylglycerol, de novo lipogenesis, and decreased triacyl-

glycerol clearance. Also de novo lipogenesis from fructose contributes to the partitioning of 

fatty acids toward esterification [16]. 

A systematic review and meta-analysis assembled sixteen clinical trials and included 236 

subjects to compare the effects of isocaloric fructose and carbohydrates. The following lipids 

were analyzed in Type 1 and Type 2 diabetic subjects: triglycerides, total cholesterol, LDL 

cholesterol, and HDL cholesterol. Increasing triglyceride and lowering total cholesterol was 

observed only in subjects with Type 2 diabetes when starch was the reference carbohydrate. 

These effects were not observed when fructose was compared to sucrose or mixed carbo-

hydrate as reference because both sources contained fructose [50].  

Fructose at >60g/day used as a sweetener raised triglycerides in ≥4 weeks follow-up [50]. 

Young adults and women who consumed glucose, fructose, and HFCS-sweetened beverages 

at 25% of energy requirements for 2 weeks, had the 24h triglyceride area under the curve 

increased during consumption of fructose compared with baseline, and fasting low-density 

lipoprotein (LDL) and apoB concentrations increased during ingestion of fructose and HFCS 

[51]. These authors estimated that 13% of the United States population consumes 25% or 

more of its energy from added sugar, and therefore this population are at risk of cardio-

vascular diseases [51]. 
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A meta-analysis which evaluated the effects of dietary fructose concluded that an intake 

>50g/day was associated with increased postprandial triglyceride excursions, whereas a 

fructose intake >100g/day was associated with increased fasting triglycerides [2,52]. The 

estimates of fructose intake, based on NHANES 1999-2004, revealed that young men in the 

15-18 and 19-22 years age groups had the highest estimated mean intake of total fructose, 

75g/day. Women had lower estimated fructose intakes than men in all age groups, 48.6g/day 

versus 62.8g/day. Total estimated mean usual daily fructose intake in both genders and all 

ages was 49g/day, very close to the amount considered a risk factor for increased postprandial 

triglyceride excursions [53]. 

 

 

Obesity and Fructose 
 

The increase in obesity worldwide over the last decade has been considered an important 

public health matter, principally because obesity is associated to comorbidities like: metabolic 

syndrome, insulin resistance, Type 2 diabetes, hypertension, and coronary artery disease. The 

concomitant increase in soft drink consumption, sweetened with sucrose or HFCS, suggests a 

relationship between fructose and the obesity epidemic [2,5,54,55], especially in young 

people and children [56,57]. 

Epidemiological studies support the association between high sugar intake, adiposity, and 

body weight increase. Some reports are descriptive and results contradictory. Although there 

is no doubt that fructose may produce acute and long term increases in blood triglycerides and 

visceral lipids it is important to recognize that fat diets, sedentary lifestyle, socioeconomic 

factors, hormones, and genetics are also contributive factors to obesity. Obesity is a very 

complex state which involves the regulation of food intake, energy expenditure, and body fat 

stores by different nutrients, hormones, and the central nervous system [48]. Endocrine 

regulators of energy homeostasis, like leptin, insulin, ghrelin, and possibly peptide YY3-36 

from the distal intestine, are released in proportion to body fat, to the quantity and 

composition of food consumed [48]. Some experiments support a relationship between 

fructose and the behavior of hormones that regulate energy homeostasis.  

To understand the real effect of fructose on human health it is important to analyze 

studies in which free fructose is compared to glucose, even though these diets are not used in 

daily life, but only in experiments. Experimental studies in mice with free access to fructose 

(15% solution in water), sucrose 10%, or artificial sweetener (0% of calories), showed that 

animals in the fructose group had greater increases in body weight and body fat than the 

animals in the sucrose and artificial sweetener groups. Also, fructose supplementation 

impaired glucose tolerance, but had no influence on insulin, adiponectin, and ghrelin levels 

[58]. In human subjects the consumption of fructose-sweetened beverages compared to 

glucose-sweetened beverages reduced insulin secretion, leptin production, and attenuated 

ghrelin suppression [59]. Consumption of fructose or glucose-sweetened beverages at 25% of 

energy requirements demonstrated that fructose increased visceral adipose deposition and de 

novo lipogenesis, but decreased glucose tolerance, insulin sensitivity in older, overweight and 

obese men and woman [60]. These effects were not observed with glucose ingestion.  

Insulin plays a role in regulating body adiposity by its action in the central nervous 

system which leads to inhibition of food intake, and increased energy expenditure [48]. 

Insulin receptors are expressed in several CNS areas related to the control of food intake and 
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energy homeostasis [61]. Fructose is a weak stimulator of insulin secretion probably because 

of the low expression level of fructose transporter GLUT5 in pancreatic -cell. Leptin is 

produced by adipocytes and acts as a signal to the CNS in the regulation of food intake, 

energy expenditure, and body adiposity [62]. Together with insulin it acts in the 

hypothalamus and regulates food intake and energy metabolism via neuropeptide systems 

[51]. The leptin area under the curve over 24 hours was reduced by 20%-30% when normal 

weight women [59], and overweight men and women [63] consumed meals with fructose 

compared with glucose-sweetened beverages. In these studies, the presence of insulin 

resistance led to hypertriglyceridemia in response to glucose and fructose, but the intensity of 

the changes were higher with fructose.  

Ghrelin is a peptide hormone produced by the stomach and upper small intestine. Its 

action is associated with food intake regulation [51]. Circulating ghrelin levels are inversely 

related to body weight and ghrelin increases after the intake of weight loss diets. Plasma 

ghrelin was 35% lower after meals accompanied by a glucose-sweetened beverage; but the 

decrease was greater after fructose-sweetened beverages [59]. 

 

 

Uric acid and Fructose 
 

Increased dietary fructose intake has boosted research in various scientific fields. Studies 

on renal diseases and metabolic syndrome have linked increased fructose intake with high 

uric acid levels [64]. Fructose and its association with uric acid have been found in other 

disease situations; these include obesity/metabolic syndrome, gout, hypertension, diabetes, 

and heart and kidney diseases [2,65]. 

Uric acid seems to be an indicator of the toxic effect from high fructose intake [66], and 

its early formation, seen 30 minutes after ingesting the carbohydrate, reinforces the con-

nection between fructose metabolism and uric acid formation. The action of hepatic fructo-

kinase on that carbohydrate results in fructose 1-P, ADP, AMP, and uric acid [2]. Regulation 

of this pathway does not seem to suffer from the action of negative regulators, as observed in 

the glucose pathway, suggesting that excessive fructose intake, without proper control, can 

result in high uric acid levels. 

Nakagawa et al (2005) observed that uric acid plays a fundamental role in the 

development of experimental metabolic syndrome. Treating these rats with allopurinol, a 

xanthine oxidase inhibitor which lowers uric acid levels, was able to decrease systolic blood 

pressure, increase insulin sensitivity and normalize triglyceride levels after the development 

of fructose-induced metabolic syndrome [67]. 

The capacity to produce uric acid from consuming large quantities of fructose seems to 

be influenced by genetic factors. Genetic polymorphism of the genes responsible for the 

synthesis of anion transporters such as Uric Acid Anion Transporter 1 (URAT-1) is 

associated with hyperuricemia [68]. Similarly to other enzymes or metabolic pathways, uric 

acid production also seems to be influenced by an individual‟s genetics and to be controlled 

by various genes and pathways [69]. Some individuals may produce high concentrations of 

uric acid whereas others may produce lower levels, suggesting a higher or lower susceptibility 

in certain individuals to the propensity and/or development of fructose-induced metabolic 

syndrome. Other studies have suggested that fructose may be produced by an individual‟s 

organism, and they report that this pathway may be an alternative pathway that complements 
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the toxic effect of fructose and metabolic syndrome. Individuals with diabetes and severe 

insulin resistance seem to synthetize fructose from glucose by using the polyol pathway [33]. 

Another negative effect of induced uric acid production in this situation is the inhibition of 

endothelial NO synthesis, which has been observed in cell cultures and experimental models 

[67,70]. The capacity of uric acid from the fructose metabolism to inhibit NO (endogenous 

vasodilator) has been associated with hypertension and heart disease. Uric acid also has a 

direct toxic effect on adipocytes, causing inflammation and inducing oxidative stress. These 

findings on the role of uric acid seem controversial, considering that the uric acid is one of the 

main antioxidants in the circulation. Finally, further studies on the fructose metabolism and 

the role played by uric acid in microenvironments and specifics diseases are still needed. 

Clarifying the actual role played by uric acid in various diseases, its relationship with high 

fructose intake, its production, and inhibition pathways is still a challenge to be overcome. 

 

 

Hypertension and Fructose  
 

Animal studies have shown a clear association between fructose ingestion and 

hypertension [71]. Experimental studies in dogs fed the same levels of high fructose and 

glucose diets, showed a net difference in metabolic response, with high fructose leading to 

hypertension and other adverse effects [72]. An association was also seen in rats between 

high-fructose ingestion and the development of cardiac hypertrophy [73], reduced baroreflex 

sensitivity [74], and renal damage [75]. Ingestion of acute quantities of fructose in humans 

elicits an increase in blood pressure which is probably mediated by increased cardiac output 

without compensatory peripheral vasodilation. The contrast between fructose ingestion 

response and the same amount of glucose may be explained by insulin hemodynamic action, 

as fructose has a negligible effect on insulin secretion. Physiological elevations in plasma 

insulin concentrations produce a rise in cardiac output and a reduction in muscle and systemic 

vascular resistance [76]. 

The association between fructose and hypertension may be explained by the uric acid 

pathway. Excessive fructose consumption leads to increased serum uric acid via fructose 

phosphorylation, and the generation of adenosine diphosphate which is metabolized to uric 

acid. Increased uric acid levels are associated to reduced nitric oxide levels and thus to blood 

hypertension. Sugar consumption is also associated to enhanced sympathetic nervous system 

activity, and sodium retention [77]. 

Frutose is the only sugar that raises uric acid concentration because fructose enters into 

hepatocytes and other cells, including tubular cells, adipocytes, and intestinal epithelial cells, 

where it is completely metabolized by frutokinase. In this process ATP is consumed without a 

negative regulatory mechanism to prevent ATP depletion. This leads to increases in lactic 

acid and uric acid levels which can increase 1-4mg/dL after a large ingestion of fructose [78]. 

Uric acid is associated with hypertension and a large number of deleterious effects, mainly by 

the stimulation of vascular smooth muscle cell proliferation and release of chemotactic and 

inflammatory substances [79,80]. The mechanism by which uric acid causes hypertension 

may involve a reduction in the concentration of endothelial nitric oxide, which results in 

systemic and intrarenal vasoconstriction, renal microvascular disease, and systemic 

hypertension [78,81]. 
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Other experiments give support to the hypothesis that fructose plays a role in the 

pathophysiology of hypertension. Studies with mice have shown that diets rich in fructose 

stimulated salt absorption in the small intestine and kidney tubules, and resulted a state of salt 

overload which caused hypertension [82]. In the PREMIER study, a behavioral intervention 

trial of 810 prehypertensive and hypertensive individuals, reduced sugar-sweetened beverages 

or sugar intake over 18 months was associated with reduced blood pressure [83]. 

 

 

Metabolic Syndrome / Insulin Resistance / Diabetes 
 

Different definitions have been proposed for metabolic syndrome in the last few decades 

[84,85]. Metabolic syndrome is a combination of clinical and laboratory findings which 

include central adiposity, hypertension, dyslipidemia, inflammation, and impaired glucose 

tolerance that predispose affected individuals to atherosclerotic cardiovascular disease and 

Type 2 diabetes [84,86,87]. Insulin resistance is the key metabolic feature of metabolic 

syndrome [88]. 

Currently, epidemiological studies report an alarming worldwide increase in 

cardiovascular disease and metabolic syndrome [84]. Excessive fructose consumption in diet 

has been epidemiologically linked to the development of metabolic syndrome [89]. More 

recent findings suggest that high fructose intake induces a series of metabolic and 

cardiovascular alterations in both animal and human models [90]. However, there is a meta-

bolic difference between rodents and primates, mainly in the lipoprotein metabolism, the 

main site for lipogenesis and the physiology of thermogenesis [88]. Increased dietary fructose 

intake in rats and dogs for several weeks has also shown many parameters of metabolic 

syndrome, including hypertension, insulin resistance, and hyperlipidemia [90]. The mecha-

nism responsible for the adverse effects of fructose diet is not quite clear, but there is 

evidence that such a diet promotes gluco-oxidative stress.  

Studies in rhesus monkeys have shown that fructose-sweetened drinks are well tolerated, 

and that within 6 to 12 months of consumption, a high-fructose diet produces many of the 

characteristics of metabolic syndrome in humans, including central obesity, insulin resistance, 

inflammation, and dyslipidemia [88]. High fructose consumption in humans increases ectopic 

fat deposition in the liver and skeletal muscle in young healthy individuals without a family 

history of diabetes
 
[37] and increased hepatic inflammation and fibrosis [91]. Inflammation is 

a corollary of obesity, which is marked by a broad inflammatory response. Inflammation 

cytokine TNF-  is constitutively expressed in adipose tissue and over-expressed in rodent 

models of obesity [92]. Experimental studies have shown that fructose increases production 

of tumor necrosis factor (TNF- ), a pro-inflammatory cytokine which can induce peripheral 

resistance to insulin and production of lipoproteins [93]. 

Some studies have suggested a strong association between insulin resistance and 

endothelial dysfunction. Endothelial dysfunction induces vascular relaxation, with a reduction 

in the bioavailability of nitric oxide (NO) and an increase in oxidative stress and O2
- 
super-

production levels, a key event for the development of cardiovascular complications associated 

to insulin resistance in experimental fructose-fed rat models [90]. 

Elderly, overweight, and obese patients were evaluated for fructose consumption and 

adverse effects. When fructose consumption corresponded to more than 25% of their energy 
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needs, individuals presented increased visceral fat deposition and de novo lipogenesis, 

leading to dyslipidemia and reduced glucose tolerance [94]. Recent studies have reported that 

increased lipids is associated with increased diacylglycerol, which activates novel protein 

kinase C. Novel-PKC decreases tyrosine phosphorylation of the insulin receptor and/or 

insulin receptor substrate 1, resulting in increased hepatic glucose production, impaired 

glucose tolerance, and increased fasting glucose and insulin concentrations [84]. 

Fructose is also known to induce oxidative stress and mitochondrial dysfunction, 

resulting in the stimulation of peroxisome proliferator-activated receptor gamma coactivator 

1-α and β (PGC1-α and PGC-1β) that drive both insulin resistance and lipogenesis [95,96]. 

The effect of fructose in lipogenesis has been reported as having the ability to alter the 

activity of key lipogenesis enzymes and transcription factors in the liver, such as pyruvate 

dehydrogenase kinase and sterol regulatory element-binding protein-1c (SREBP-1c), the main 

inducer of hepatic lipogenesis. 

 

 

CONCLUSION 
 

This chapter deals with the clinical and pathological aspects linked to high dietary 

fructose intake. The increase is specifically due to the introduction of HFCS as a sweetener in 

the United States, but less so in other parts of the world. 

The adverse effects have been thoroughly demonstrated in experimental models, 

confirming the lipogenic effect of excessive fructose ingestion, with increased blood 

triglycerides, visceral lipids, insulin resistance, vascular dysfunction, and hypertension. 

However clinical studies, especially the epidemiological ones, associating the worldwide 

obesity epidemic [97], hypertension, and Type 2 diabetes to fructose, show several 

confounding factors and require better investigation.  

Questions are raised in evaluating the studies; these include the amount of fructose 

ingested, diet duration, the previous presence of diabetes, and type of sweetener, remember-

ing that HFCS and sucrose are similar in composition [98], Although free fructose is not in 

daily use, comparison between the effects of fructose and glucose have shown that the ad-

verse effects are due to fructose [2]. Authors reported that the world obesity epidemic 

increases in the same proportion of sugar and sweeteners consumption. In addition, other 

authors have considered that fat consumption was reduced while obesity and fructose 

consumption increased in an epidemic manner [99]. Future studies can better elucidate the 

role of fructose in the pathophysiology of insulin resistance, metabolic syndrome, hyper-

tension, and cardiac diseases.  
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