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Fructose, weight gain, and the insulin resistance syndrome1–3

Sharon S Elliott, Nancy L Keim, Judith S Stern, Karen Teff, and Peter J Havel

ABSTRACT
This review explores whether fructose consumption might be a

contributing factor to the development of obesity and the accom-
panying metabolic abnormalities observed in the insulin resist-
ance syndrome. The per capita disappearance data for fructose
from the combined consumption of sucrose and high-fructose corn
syrup have increased by 26%, from 64 g/d in 1970 to 81 g/d in
1997. Both plasma insulin and leptin act in the central nervous
system in the long-term regulation of energy homeostasis.
Because fructose does not stimulate insulin secretion from pan-
creatic � cells, the consumption of foods and beverages contain-
ing fructose produces smaller postprandial insulin excursions than
does consumption of glucose-containing carbohydrate. Because
leptin production is regulated by insulin responses to meals, fruc-
tose consumption also reduces circulating leptin concentrations.
The combined effects of lowered circulating leptin and insulin in
individuals who consume diets that are high in dietary fructose
could therefore increase the likelihood of weight gain and its asso-
ciated metabolic sequelae. In addition, fructose, compared with
glucose, is preferentially metabolized to lipid in the liver. Fruc-
tose consumption induces insulin resistance, impaired glucose tol-
erance, hyperinsulinemia, hypertriacylglycerolemia, and hyper-
tension in animal models. The data in humans are less clear.
Although there are existing data on the metabolic and endocrine
effects of dietary fructose that suggest that increased consumption
of fructose may be detrimental in terms of body weight and adi-
posity and the metabolic indexes associated with the insulin resist-
ance syndrome, much more research is needed to fully understand
the metabolic effect of dietary fructose in humans. Am J Clin
Nutr 2002;76:911–22.
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INTRODUCTION

The prevalence of obesity in the United States and worldwide
is increasing (1, 2). More than one-half of US men and women
aged ≥ 20 y are considered overweight [ie, a body mass index
(BMI; in kg/m2) ≥ 25], and nearly one-fourth are clinically obese
(BMI ≥ 30) (3, 4). Although extreme obesity has received the most
attention in the clinical setting, most obesity in the population can
be described as moderate to marked. However, even moderate obe-
sity can contribute to chronic metabolic abnormalities character-
istic of the insulin resistance syndrome, such as dyslipidemia,
hypertension, insulin resistance, and glucose intolerance (1), par-
ticularly when it is associated with intraabdominal fat deposition
(ie, central obesity) (5). Although it is likely that no single factor
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is responsible for the increased prevalence of moderate obesity,
environmental elements—interacting with predisposing genetic
factors—clearly must be involved (1). Identification of the
acquired causes contributing to an increase in the prevalence of
obesity is necessary to develop public health policy and dietary
and physical activity recommendations that are both comprehen-
sive and effective in reversing the current trend.

The purpose of this review is to explore whether the increased
consumption of dietary fructose might be one of the environmental
factors contributing to the development of obesity and the accom-
panying abnormalities of the insulin resistance syndrome. The
insulin resistance syndrome is a cluster of related variables that
appears to be of major importance in the pathogenesis of coronary
artery disease. The syndrome originally included resistance to
insulin-stimulated glucose uptake, glucose intolerance, hyperinsu-
linemia, hypertension, dyslipidemia characterized by high triacyl-
glycerol concentrations, and low concentrations of HDLs (6). More
recently, the list of abnormalities has been expanded to include cen-
tral obesity (7); small, dense LDLs (8); increased uric acid concen-
trations (9); higher circulating concentrations of plasminogen acti-
vator inhibitor 1 (10); and decreased circulating concentrations of
adiponectin (11). In addition, a link between local adipose steroid
metabolism and the insulin resistance syndrome has been suggested
by reports that the activity of 11�-hydroxysteroid dehydrogenase (EC
1.1.1.146) is increased in the adipose tissue of obese humans (12).
Increased expression of this enzyme, specifically in adipose tissue,
was shown recently to induce visceral obesity, insulin-resistant dia-
betes, and hyperlipidemia in a transgenic mouse model (13).

The terms syndrome X, metabolic syndrome, and insulin resist-
ance syndrome have been used in the literature to describe the
observed clustering of metabolic abnormalities. It has been
hypothesized that insulin resistance, which may affect 25% of
middle-aged adults in this country (14), is the common etiologic
factor in the syndrome (6). The macronutrient content of the diet
has been linked to the insulin resistance syndrome. For example,
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FIGURE 1. Annual per capita use of sucrose, high-fructose corn syrup
(HFCS), glucose syrup, dextrose, and other sweeteners (honey, maple
syrup, and molasses) in 1970 and 1997 (19). All of the 0.23 kg HFCS used
in 1970 contained 42% fructose. In 1997, 38% of the HFCS used contained
42% fructose and 62% of the HFCS contained 55% fructose.

FIGURE 2. Annual per capita use of fructose from sucrose and high-
fructose corn syrup (HFCS) and annual per capita use of glucose from
sucrose, HFCS, glucose syrup, and dextrose in 1970 and 1997, calculated
from the disappearance data for added sweeteners (19). The use of both
fructose and glucose increased by 26–27% from 1970 to 1997.

high-fat, particularly high saturated fat, diets induce weight gain,
insulin resistance, and hyperlipidemia in humans and animals
(15–18). In addition to the known effects of dietary fat, dietary
fructose has been shown to produce weight gain and induce
insulin resistance, hyperlipidemia, and hypertension in experi-
mental animals. It is therefore possible that increased consump-
tion of fructose could contribute to weight gain and its accompa-
nying metabolic disturbances in humans.

FRUCTOSE CONSUMPTION

Changes in diet have been studied as contributing factors to the
development of obesity. Along with an increase in total energy
consumption over the past few decades (19), there has been a shift
in the types of nutrients consumed in the American diet. The con-
sumption of fructose has increased, largely because of an
increased consumption of soft drinks and many other beverages
that are high in fructose and because of the consumption of foods
such as breakfast cereals, baked goods, condiments, and prepared
desserts sweetened with sucrose and high-fructose corn syrup
(HFCS). HFCS is produced by the enzymatic isomerization of
dextrose to fructose (20). The commercial use of HFCS began to
increase in the 1970s and, by 1985, HFCS accounted for �35% of
the total amount of sweeteners by dry weight in the food supply
(21). Although HFCS can contain up to 90% fructose (22), most
of the HFCS used in beverages contains �55% fructose.

In a 1993 article, the authors estimated the mean individual con-
sumption of fructose in adolescents and adults to be 40 g/d, the range
being 29–54 g/d (21). Thirteen of the 40 g of dietary fructose is esti-
mated to come from naturally occurring sources of fructose, and 27 g
is estimated to come from added sources of fructose. Young males
(15–18 y of age) reported the highest fructose intakes with a 90th per-
centile intake of fructose from all sources of nearly 100 g/d. However,
these intakes were based on the 1977–1978 US Department of Agri-
culture Nationwide Food Consumption Survey and are likely to seri-
ously underestimate current consumption, because the consumption of
HFCS-sweetened beverages has increased markedly during the inter-
vening time. In addition, at the time that the article by Park and Yetley

(21) was written, the use of crystalline fructose had just been expanded
to the general food supply. To our knowledge, aside from the food dis-
appearance data discussed below, there are no more recent data avail-
able on the amount of fructose currently consumed in the United States.

Food disappearance data serve as indicators of trends in con-
sumption over time (19). As depicted in Figure 1, although the per
capita use of sucrose decreased moderately from 46.4 kg (102 lb)
in 1970 to 30.5 kg (67 lb) in 1997, the per capita use of HFCS
increased from a negligible 0.23 kg (0.5 lb) in 1970 to 28.4 kg
(62.4 lb) in 1997 (19). The use of glucose syrup also increased,
whereas the contribution of other sweeteners—supplied as honey,
molasses, and maple syrup—remained constant at �1% (Figure 1).
The use of glucose and fructose calculated from sweetener disap-
pearance increased in parallel during this time period (Figure 2).
Calculated on a daily basis, the per capita use of added fructose,
obtained by combining the disappearance data for the fructose con-
tained in sucrose and in HFCS, increased by 26%, from 64 g/d in
1970 to 81 g/d in 1997. This represents an average daily energy
intake from added fructose of �1356 kJ (324 kcal). In addition, a
19% increase in fruit and vegetable consumption was observed
between 1982 and 1997 (19). This could lead to a small (2.5 g/d)
increase in naturally occurring fructose in the diet, raising the esti-
mated amount of naturally occurring fructose in the diet to �15–16 g/d
for an average total fructose use of 97 g/d (1624 kJ, or 388 kcal) in
1997. Just two 355-mL (12-oz) soft drinks can supply up to 50 g/
fructose (�840 kJ, or 200 kcal) or > 10% of the energy require-
ments for an average-weight woman, without considering any other
dietary sources of fructose. Thus, fructose consumption makes up
a significant proportion of energy intake in the American diet, and
an increased fructose consumption has coincided with an increase
in the prevalence of obesity over the past 2 decades. It therefore is
prudent to ask whether current fructose intakes could contribute to
weight gain and its metabolic sequelae.

FRUCTOSE METABOLISM

The hepatic metabolism of fructose has important effects on
both glucose and lipid metabolism. Absorbed fructose is delivered
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FIGURE 3. Utilization of fructose and glucose in the liver. Hepatic
fructose metabolism begins with phosphorylation by fructokinase (EC
2.7.1.4). Fructose carbon enters the glycolytic pathway at the triose phos-
phate level (dihydroxyacetone phosphate and glyceraldehyde-3-phosphate).
Thus, fructose bypasses the major control point by which glucose carbon
enters glycolysis (phosphofructokinase; EC 2.7.1.11), where glucose
metabolism is limited by feedback inhibition by citrate and ATP. This allows
fructose to serve as an unregulated source of both glycerol-3-phosphate and
acetyl-CoA for hepatic lipogenesis. P, phosphate.

to the liver via the portal vein (23). Fructose is phosphorylated in
the liver by adenosine triphosphate to form fructose-1-phosphate.
The reaction is catalyzed by the enzyme fructokinase (EC 2.7.1.4).
Fructose-1-phosphate is split by aldolase B (EC 4.1.2.13) into
glyceraldehyde and dihydroxyacetone phosphate. Both can be
converted to glyceraldehyde-3-phosphate. Thus, the fructose mol-
ecule is metabolized into 2 triose phosphates that bypass the main
rate-controlling step in glycolysis, 6-phosphofructokinase (EC
2.7.1.11) (Figure 2). In contrast, hepatic glucose metabolism is
limited by the capacity to store glucose as glycogen and, more
importantly, by the inhibition of glycolysis and further glucose
uptake resulting from the effects of citrate and ATP to inhibit
phosphofructokinase (Figure 3). The products of fructose metab-
olism in the glycolytic pathway of the liver are glucose, glycogen,
lactate, and pyruvate. Because fructose uptake by the liver is not
inhibited at the level of phosphofructokinase, fructose consump-
tion results in larger increases of circulating lactate than does con-
sumption of a comparable amount of glucose.

Infusing small amounts of fructose intraportally in dogs appears
to have a catalytic action that increases hepatic glucose uptake (24),
an effect likely to be mediated by hepatic glucokinase. More
recently, a low-dose infusion of fructose has been shown to increase
carbon flux through glycogen synthase (EC 2.4.1.11) and thereby
stimulate glycogen synthesis in humans (25). Low-dose fructose
has also been found to restore the ability of hyperglycemia to reg-
ulate hepatic glucose production (26), and the addition of 7.5 g fruc-
tose to the standard 75 g glucose reduced the glycemic response to
oral-glucose-tolerance tests in adults with type 2 diabetes (27). Thus
small (catalytic) amounts of oral fructose may be beneficial in
improving glycemic control in type 2 diabetes. In addition, fructose
ingestion results in smaller postprandial glycemic excursions com-
pared with glucose and glucose-containing carbohydrates

(starches) that are rapidly absorbed as glucose (28); however,
increased blood fructose concentrations could also contribute to
glycation and diabetic complications.

In contrast with low doses of fructose, when much larger
amounts of fructose are consumed (eg, in sucrose- and HFCS-
sweetened beverages), fructose continues to enter the glycolytic
pathway distal to phosphofructokinase (Figure 3), and hepatic tri-
acylglycerol production is facilitated. Fructose can provide car-
bon atoms for both the glycerol and the acyl portions of acyl-
glycerol molecules (23). Thus, unlike glucose metabolism, in
which the uptake of glucose is negatively regulated at the level of
phosphofructokinase, high concentrations of fructose can serve as
a relatively unregulated source of acetyl-CoA. Indeed, studies in
human subjects have shown that fructose ingestion results in
markedly increased rates of de novo lipogenesis (29, 30), whereas
de novo lipogenesis does not increase in response to eucaloric glu-
cose ingestion (31). Thus, fructose is more lipogenic than is glu-
cose, an effect that might be exacerbated in subjects with existing
hyperlipidemia (32) or insulin resistance or type 2 diabetes (33).
In addition, as discussed below, fructose does not stimulate the
production of 2 key hormones, insulin and leptin, which are
involved in the long-term regulation of energy homeostasis. There-
fore, the decrease in insulin responses to meals and leptin pro-
duction associated with chronic consumption of diets high in fruc-
tose may have deleterious long-term effects on the regulation of
energy intake and body adiposity.

FRUCTOSE, ENERGY INTAKE, AND WEIGHT GAIN

Although energy intake, body weight, and adiposity all increase
in animals consuming high-fructose diets (34–36), considerably
less information is available about humans. The effects of dietary
fructose on weight gain have been reported in 3 studies in human
subjects. Drinking 1150 g soda sweetened with HFCS for 3 wk
resulted in significant increases in ad libitum energy intake and
body weight compared with the same amount of soda with aspar-
tame in male and female subjects (37). Body weight also increased
in a group of 14 middle-aged men, 11 with type 2 diabetes melli-
tus and 3 with type 1 diabetes mellitus, who incorporated 50–60 g
fructose/d into their diets for 24 wk (38). More recently, the effects
of consumption of either sucrose, which consists of 50% fructose,
or an artificial sweetener on ad libitum food intake and body
weight were measured in overweight volunteers. Individuals who
consumed large amounts of sucrose (28% of energy) showed an
increase in energy intake, body weight, fat mass, and blood pres-
sure after the 10-wk intervention (39). Thus, in these limited stud-
ies of fructose or sucrose feeding in humans, the subjects did not
compensate for energy consumed as fructose by reducing ad libi-
tum energy intake from other sources. Although these studies were
not designed to test the effects of fructose on weight gain, the
observation of increased body weight associated with fructose
ingestion is of interest. One explanation for this observation could
be that fructose ingestion did not increase the production of 2
hormones, insulin and leptin, that have key roles in the long-term
regulation of food intake and energy expenditure.

Fructose, unlike glucose, does not stimulate insulin secretion
from pancreatic � cells (40, 41). The lack of stimulation by fruc-
tose is likely due to the low concentrations of the fructose trans-
porter GLUT5 in � cells (42). Insulin is involved in the regulation
of body adiposity via its actions in the central nervous system
(CNS) to inhibit food intake and increase energy expenditure
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(see reviews in references 43 and 44). Briefly, insulin receptors
are localized in CNS areas involved in the control of food intake
and energy homeostasis. Insulin administration into the CNS
inhibits food intake in animals, including nonhuman primates.
Insulin does not enter the brain, but is transported into the CNS
via a saturable receptor-mediated process. Using compartmental
modeling, Kaiyala et al (45) showed that the obesity induced by a
high-fat diet was associated with a 60% reduction of the transport
of insulin into the CNS in dogs. This impairment of central insulin
transport was inversely related to an increase in body weight in
response to high-fat feeding. Specifically, knocking out the insulin
receptor in neurons results in hyperphagia and obesity in mice
(46). Thus, reduced insulin delivery into the CNS or disruption of
the insulin-signaling pathways in the CNS may result in weight
gain and the development of obesity.

As discussed above, there is considerable evidence in support
of the hypothesis that insulin signaling in the CNS lowers food
intake and that insulin functions as a negative feedback signal of
recent energy intake and body adiposity. However, because of the
known anabolic effects of insulin to simulate lipid synthesis and
promote fat storage, there is a widespread belief that insulin
induces weight gain and obesity. This misconception has led to
the promotion of numerous diets suggesting that weight loss can
be achieved by avoiding foods that stimulate insulin secretion.
However, the proponents of such diets do not distinguish between
normal insulin responses to meals in which circulating insulin
concentrations increase and quickly return to fasting concentra-
tions and the chronic hyperinsulinemia secondary to � cell adap-
tation to insulin resistance. Note that reduced glucose-stimulated
insulin secretion has been shown to be prognostic of greater future
weight gain; therefore, increased insulin secretion in response to
meals is unlikely to contribute to weight gain and obesity (47).

A major breakthrough in obesity research came with the cloning
of the defective gene (ob) responsible for hyperphagia and obesity
in an obese diabetic mouse strain (48). The gene is expressed in adi-
pose tissue (49) and its protein product, leptin, functions as a cir-
culating signal from body fat stores to the CNS, where it acts to
limit adiposity by inhibiting food intake and increasing energy
expenditure (50, 51). The effects of insulin and leptin on food intake
appear to share a common signaling pathway via activation of phos-
phatidylinositol-3-kinase (EC 2.7.1.137) (52). The increase in
energy expenditure in rodents may be mediated by activation of the
sympathetic nervous system (53). Leptin administration decreases
food intake and activates the sympathetic nervous system in rhesus
monkeys (54, 55), indicating that leptin has similar biological
effects in primates. In addition, human subjects have been identi-
fied with hyperphagia and marked obesity, resulting from a failure
to produce leptin (56) or from defects in the leptin receptor (57),
and leptin administration decreases the hyperphagia and body adi-
posity resulting from leptin deficiency (58). Relative leptin defi-
ciency, associated with heterozygous leptin gene mutations, was
also shown recently to have a significant biological effect, resulting
in increased body adiposity in humans (59). Decreases in circulat-
ing leptin concentrations correlate with increased sensations of
hunger during prolonged energy restriction in women (60), and lep-
tin administration can reduce appetite in humans (61). Together, the
available evidence strongly suggests an important role for leptin in
the regulation of energy balance in humans (11, 62).

Plasma leptin concentrations are strongly correlated with adi-
posity in rodents (63, 64), nonhuman primates (65), and humans
(64, 66). In humans, plasma leptin decreases after fasting (67) or

energy restriction (68) to a much greater degree than would be
expected from modest changes in body adiposity. However, meal
ingestion does not increase plasma leptin concentrations in short-
term (2–4 h) studies (67), indicating that leptin functions as a
medium- to long-term regulator of energy balance rather than as
a short-term satiety factor such as cholecystokinin (see review in
reference 69). There is a diurnal pattern of plasma leptin concen-
trations in humans, with peak concentrations occurring 6–8 h after
the evening meal (70). The nocturnal increase in leptin is entrained
by meal timing (71) and does not occur if the subjects are fasted
(72). Insulin stimulates leptin gene expression and secretion and
appears to have a major role in the physiologic regulation of lep-
tin production and in determining the magnitude of its diurnal
fluctuation (11). Insulin infusions producing physiologic incre-
ments in plasma insulin have been found to increase circulating
leptin concentrations in humans after several hours (73).

Studies in isolated adipocytes have provided evidence that
increases in glucose transport and metabolism are key steps in
insulin-stimulated leptin expression and secretion in vitro (74). A
blockade of glucose transport or inhibition of glycolysis inhibits
insulin-induced leptin secretion and ob gene expression, and the
activation of the leptin promoter (75) in proportion to the inhibition
in adipocyte glucose utilization. Furthermore, results from these and
other experiments (76) indicate that anaerobic glucose metabolism
does not stimulate leptin secretion, suggesting that glucose oxida-
tion is involved in the effects of insulin on increases in leptin pro-
duction. Glucose metabolism has also been suggested to mediate
the effects of insulin and glucose infusion to increase leptin pro-
duction in humans (77). Thus, increases in insulin-stimulated glu-
cose metabolism after meals would be expected to influence the
diurnal pattern of circulating leptin concentrations (71, 78, 79).

If, as suggested by the in vitro studies, leptin secretion is
dependent on insulin-mediated adipocyte glucose transport and
metabolism, then meals high in carbohydrate, which induce larger
postprandial insulin and glucose excursions, should increase cir-
culating leptin more than would low-carbohydrate meals. When
the ratio of dietary carbohydrate to fat was altered, consumption
of 3 meals with a high proportion of glucose carbohydrate enhanced
insulin secretion, produced larger glucose excursions, and
increased plasma leptin concentrations over 24 h relative to high-
fat, low-carbohydrate meals (80). In another study, when women
were placed on a weight-maintaining regimen, such that energy
intake was adjusted to offset weight loss or weight gain, the sub-
jects needed to be fed significantly more energy (500 ± 125 kJ/d,
or 120 ± 30 kcal/d) when the fat content of the diet was lowered
from 35% to 15% of energy and was replaced with complex car-
bohydrate (66). Poppitt et al (81) compared the effects over 6 mo
of a low-fat, complex-carbohydrate diet; a low-fat, simple-carbo-
hydrate diet; and a control diet in overweight volunteers with ≥ 3
risk factors for metabolic syndrome. Weight loss was greatest in
the low-fat, complex-carbohydrate group. These data suggest that
low-fat, high-carbohydrate feeding may have altered the regulated
level of adiposity, an effect that could be mediated in part by a
long-term increase in leptin production. Conversely, decreased
leptin secretion could contribute to the reported effect of high-fat
diets, ie, weight gain and obesity (82–84).

As previously discussed, fructose, unlike glucose, does not stim-
ulate insulin secretion (41). Although high-carbohydrate meals
stimulate leptin production in humans relative to high-fat meals
(80), if the carbohydrate provided in this study had been fructose
rather than glucose, the results would probably have been different
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because of the dissimilar effects of the 2 sugars on insulin secre-
tion. To compare the effects of glucose and fructose on leptin pro-
duction, plasma leptin concentrations were measured in rhesus
monkeys after intravenous infusion with saline, glucose, or fruc-
tose. Glucose infusion markedly increased plasma glucose and
insulin concentrations and progressively increased plasma leptin
4–8 h into the infusions. In contrast, an intravenous infusion of the
same amount of fructose only modestly increased plasma glucose
and did not stimulate insulin secretion or increase circulating lep-
tin concentrations over an 8-h period (65). To test whether ingested
fructose would produce results similar to those of fructose infu-
sion, 12 women were studied during the randomized consumption
of 3 meals accompanied by fructose-containing beverages on 1 d and
of 3 meals accompanied by glucose-containing beverages on a sep-
arate day. The sweetened beverages supplied 30% of the total
energy provided during the test days. As predicted, the consump-
tion of fructose-containing beverages with the meals resulted in
smaller postprandial glucose and insulin excursions than did the
consumption of glucose-containing beverages. In addition, the con-
sumption of 3 high-fructose meals resulted in lower circulating lep-
tin concentrations over 24 h than did the consumption of 3 high-
glucose meals (85). Furthermore, during consumption of meals
accompanied by glucose beverages, circulating concentrations of
the orexigenic gastric hormone ghrelin (see review in reference 86)
clearly decreased 1–3 h after each meal, whereas ghrelin was much
less suppressed after meals with fructose-containing beverages
(85). Because insulin and leptin, and possibly ghrelin, function as
key signals to the CNS in the long-term regulation of energy bal-
ance (see review in reference 69), the observed decreases in circu-
lating insulin and leptin and increases in ghrelin could lead to
increased energy intake and thereby contribute to weight gain, obe-
sity, and its metabolic consequences during long-term consump-
tion of diets high in energy derived from fructose.

FRUCTOSE CONSUMPTION AND INSULIN RESISTANCE

Diets high in fructose induce insulin resistance in rodents
(87–89) and in dogs (90). For example, Thorburn et al (91) fed rats
a diet containing 35% of energy as fructose for 4 wk and found
reduced insulin sensitivity associated with impaired hepatic insulin
action and whole-body glucose disposal. Both copper-deficient and
copper-replete rats showed adverse changes in glucose metabo-
lism when fed diets containing fructose for 2 wk, whereas rats fed
a comparable amount of starch had no observable effects (92). In
a study in hamsters fed a diet with either a high-fructose or a high-
sucrose carbohydrate source for 2 wk, the rate of glucose disap-
pearance after intravenous glucose administration decreased to a
greater degree after fructose consumption than after consumption
of the sucrose diet, which supplied only 50% as much fructose
(36). Although fructose does not stimulate insulin secretion in the
short term (41), the insulin resistance and obesity induced by long-
term fructose feeding in experimental animals induces compen-
satory hyperinsulinemia. Blakely et al (93) showed significant
increases in fasting serum insulin and fasting serum glucose con-
centrations in rats that consumed 15% of energy as fructose for
15 mo compared with cornstarch-fed rats, even though no differ-
ences in body weight or food intake between the 2 groups were
observed. The effects of dietary fructose on insulin action in
humans are not as well documented. In 1980, Beck-Nielsen et al
(94) investigated whether the reduction in insulin sensitivity
induced by sucrose consumption is related to the glucose or

fructose components of the diet. They found that 7 d of high-
glucose feeding induced no significant changes in insulin sensi-
tivity, whereas high-fructose feeding was accompanied by both
reductions in insulin binding and insulin sensitivity. Other inves-
tigators found that diets containing 15% of energy as fructose pro-
duced undesirable changes in glucose metabolism in both normal
and hyperinsulinemic men (95).

The classic relation between insulin resistance, increased fast-
ing plasma insulin concentrations, and glucose intolerance has
been hypothesized to be mediated by changes in ambient nones-
terified fatty acid concentrations (see review in reference 96).
Elevated nonesterified fatty acid concentrations are one of the
metabolic consequences of a chronic positive energy balance and
increased body adiposity (97). If, as discussed above, fructose
consumption leads to increased body weight as a result of
decreased insulin secretion and reduced leptin production, an
increase in circulating nonesterified fatty acids might follow. The
exposure to increased concentrations of nonesterified fatty acids
may reduce insulin sensitivity by increasing the intramyocellular
lipid content (98). Increased portal delivery of nonesterified fatty
acids, particularly from visceral adipose tissue, could also lead
to impaired carbohydrate metabolism, because elevated portal
nonesterified fatty acid concentrations increase hepatic glucose
production (99, 100). In addition, over time, increased nonester-
ified fatty acid concentrations may have a deleterious effect on
� cell function (101).

An increased supply of nonesterified fatty acids in the liver also
leads to an increase in the production of VLDL triacylglycerol
(102). Fructose consumption has been shown to induce hypertri-
acylglycerolemia (as discussed below). Because insulin resistance
and reduced insulin binding have been reported in hypertriacyl-
glycerolemic persons (103), this may be one mechanism by which
fructose diets promote insulin resistance. Administration of ben-
fluorex, a hypolipidemic agent, reversed the insulin resistance
induced by fructose feeding in rats. The improvement was asso-
ciated with the normalization of triacylglycerol concentrations
(104). However, 3 mo of gemfibrozil administration to 24 persons
with endogenous hypertriacylglycerolemia resulted in marked
decreases in both plasma triacylglycerol and nonesterified fatty
acid concentrations but did not enhance insulin-mediated glucose
disposal and did not lower plasma insulin concentrations (105).
Therefore, the role of triacylglycerol in the development of insulin
resistance remains controversial. On the other hand, postprandial
hypertriacylglycerolemia after fructose ingestion is exacerbated
in subjects with higher fasting insulin concentrations (33), sug-
gesting an interaction between insulin resistance and the lipogenic
effects of fructose (see below).

Another potential mechanism leading to insulin resistance
could involve decreased production of the adipocyte protein,
adiponectin, because reduced circulating concentrations of this
hormone are associated with insulin resistance independently of
body adiposity (11, 106). We are currently investigating the
effects of dietary fructose compared with those of glucose on cir-
culating adiponectin concentrations. Whatever the underlying
mechanism, it is clear that fructose feeding induces insulin resist-
ance and glucose intolerance in rodents. Given the increase in
fructose consumption in the American diet, it is important to
examine whether fructose has similar effects on insulin action
and glucose tolerance in humans, particularly those persons who
are likely to be susceptible to insulin resistance and impaired glu-
cose metabolism.
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FRUCTOSE CONSUMPTION AND LIPIDS

There are numerous studies in which dietary fructose has
been shown to induce hyperlipidemia in rodents (104, 107–109).
Herman et al (107) reported that rats fed a high-fructose diet had
sustained elevations in serum triacylglycerol. Circulating triacyl-
glycerol concentrations rose and remained elevated during the
entire time fructose was fed (100 d) and fell promptly when a
standard chow diet was instituted. The same investigators also
concluded that there was a greater capacity of human liver to
metabolize fructose to lipid compared with glucose because high-
sucrose diets led to elevated serum triacylglycerol concentrations
in humans, whereas the same amount of glucose resulted in lower
concentrations of serum triacylglycerol (107). Fields and Lewis
(110) fed rats copper-adequate or copper-deficient, high-fat diets
with fructose or starch as the sole carbohydrate source. The com-
bination of the high-fat diet with fructose resulted in increased cir-
culating triacylglycerol, and fructose with copper deficiency
resulted in significant increases in blood cholesterol. Hyperlipi-
demia did not develop when starch was combined with a high-fat
diet (110). As previously discussed, the 2 monosaccharides—glu-
cose and fructose—are metabolized differently. Hellerstein (111)
showed that there is little de novo lipogenesis from glucose under
eucaloric conditions in humans. In contrast, Schwarz et al (29, 30,
112) reported 3- to 15-fold increases in fractional de novo lipo-
genesis from fructose above fasting concentrations in obese and
lean subjects (29, 30) and nearly 30% of circulating triacylglyc-
erol palmitate after fructose ingestion resulted from de novo lipo-
genesis derived from fructose (112).

Fructose is the component of sucrose that is considered to be
responsible for some of the adverse effects of this disaccharide on
blood triacylglycerol (113). After extensive work on the metabolic
effects of sucrose at the Beltsville Human Nutrition Research
Center, the investigators focused on fructose specifically. Hall-
frisch et al (114) fed 12 hyperinsulinemic men and 12 male con-
trol subjects diets containing 0%, 7.5%, and 15% of energy from
fructose for 5 wk each in a crossover study. Total plasma choles-
terol and LDL-cholesterol concentrations were higher when the
men consumed 7.5% or 15% of energy as fructose than as starch.
Plasma triacylglycerol concentrations in the hyperinsulinemic
subjects increased as the amount of fructose increased. In 1989
Reiser et al (115) reported results from another 5-wk crossover
study in which 10 hyperinsulinemic and 11 nonhyperinsulinemic
men consumed diets containing 20% of energy as fructose or as
high-amylose cornstarch. Triacylglycerol and cholesterol concen-
trations increased in both groups of subjects when they consumed
fructose, but not cornstarch. Thus, consumption of fructose com-
pared with the same amount of high-amylose cornstarch, produced
undesirable changes in cardiovascular risk factors in both hyper-
insulinemic and nonhyperinsulinemic men.

Not all studies that have evaluated the effects of fructose have
reported increased lipids. In the Turku sugar studies (116), the
effect of chronic consumption of sucrose, xylitol, and fructose was
studied for 2 y in 127 healthy subjects. Substituting fructose or
xylitol for sucrose did not influence plasma cholesterol or tria-
cylglycerol concentrations. Effects on body weight were not
reported. It is important to note, however, that an effect of fructose
alone may have been obscured by comparing its effects with those
of sucrose, which is composed of 50% fructose. In a review arti-
cle on the effects of dietary fructose on lipid metabolism, Hollen-
beck (117) concluded that there is strong evidence that fructose
consumed at �20% of total energy results in an increase in total

and LDL-cholesterol concentrations but added that the effect of
dietary fructose on triacylglycerol concentrations is less clear.
Because most studies reported fasting plasma triacylglycerol con-
centrations, differences in postprandial triacylglycerol excursions
in response to dietary changes may have been missed in some of
the reported studies.

In a recent study in which 17% of energy was consumed as
either crystalline fructose or glucose for 6 wk, both fasting and
postprandial triacylglycerol concentrations were measured (118).
The fructose diet produced significantly higher fasting, postpran-
dial, and daylong plasma triacylglycerol values in older men,
although this effect of fructose was not seen in younger (< 40 y of
age) men or in the older (≥ 40 y of age) women included in the
study. The fructose diet had no significant effects on fasting
plasma cholesterol, HDL cholesterol, or LDL cholesterol in either
men or women. In healthy persons, increases in triacylglycerol
concentrations can decrease over time as a result of metabolic
adaptation, but there does appear to be a subset of individuals who
are particularly sensitive to dietary fructose, including those with
hyperinsulinemia (28). We recently compared the effects of fruc-
tose- and glucose-sweetened beverages (providing 30% of total
energy) consumed with 3 meals over 24 h in 12 young, normal-
weight women without hypertriacylglycerolemia (119). Plasma
triacylglycerol concentrations increased more rapidly and peaked
at higher concentrations after consumption of fructose-containing
than after glucose-containing beverages. Plasma triacylglycerol
concentrations remained elevated after fructose but declined to or
below fasting concentrations several hours after glucose con-
sumption. In addition, fasting triacylglycerol concentrations the
morning after fructose consumption were increased above base-
line concentrations and were elevated compared with fasting tria-
cylglycerol concentrations after glucose consumption. Evidence
exists that this effect of fructose (ie, an increase in postprandial
triacylglycerol concentrations) may be exacerbated in subjects
with hypertriacylglycerolemia (32) or insulin resistance (33).

In a comprehensive review of carbohydrate-induced hypertria-
cylglycerolemia, Parks and Hellerstein (120) reviewed potential
biological mechanisms for the phenomenon in humans. The
authors concluded that elevated triacylglycerol concentrations
observed with increased consumption of dietary carbohydrates
result from elevated triacylglycerol synthesis and, in some per-
sons, from reduced triacylglycerol clearance. The increased syn-
thesis of triacylglycerol results primarily from both increases in
the VLDL particle secretion rate by the liver and in VLDL parti-
cle size. Reductions in triacylglycerol clearance may be due in
part to reductions in lipoprotein lipase (EC 3.1.1.34) activity
(119). Using a fructose-fed Syrian golden hamster animal model,
Taghibiglou et al (121) investigated mechanisms potentially
responsible for the overproduction of VLDL in the insulin-resist-
ant state. They found evidence for enhanced lipoprotein assem-
bly, reduced intracellular apolipoprotein B degradation, and
increased expression of microsomal triacylglycerol transfer pro-
tein. Together, these findings help to explain the increased assem-
bly and secretion of apolipoprotein-B–containing lipoprotein par-
ticles in a fructose-fed, insulin-resistant animal model (121).

In summary, there is an abundance of data in rodents that show
that fructose feeding causes chronic hyperlipidemia. Several short-
term studies in humans have implicated fructose consumption as
a factor promoting unfavorable lipid profiles. Many persons con-
sume sucrose and fructose at amounts in the range of 30% of
energy intake (113). This appears to be particularly true for
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TABLE 1
Studies reporting the effects of fructose or fructose-containing sweeteners on weight gain1

Species Amount fed Length of study Effects on weight Reference

Rats 15% of energy as fructose or 15 mo No differences in body weight or relative food intake 93 
cornstarch

Hamsters 60% fructose or sucrose 2 wk Increased energy intake, weight gain, and adiposity 36 
with fructose

Humans (males and females) 1150 g soda sweetened with 3 wk Increased energy intake and body weight with soda 37
HFCS (�80 g fructose) sweetened with HFCS
or artificial sweetener

Humans (middle-aged males) 50–60 g fructose/d 24 wk Increased body weight 38
Humans (overweight males 28% of energy as sucrose or 10 wk Increased energy intake, body weight, and fat mass 39 

and females) artificial sweetener with sucrose intake
1 HFCS, high-fructose corn syrup.

TABLE 2
Studies reporting the effects of fructose or fructose-containing sweeteners on insulin resistance and glucose metabolism

Species Amount fed Length of study Effects on insulin resistance and glucose metabolism Reference

Rats 54% of energy as sucrose or 11–13 wk Increased insulin response to meals and reduced 87
cornstarch insulin sensitivity with sucrose

Rats 35% of energy as fructose or 4 wk Reduced insulin sensitivity with fructose 91 
glucose

Rats 15% of energy as fructose 15 mo Increased fasting serum insulin and fasting serum 93 
glucose with fructose

Rats (copper-replete 62% fructose or starch 2 wk Increased plasma insulin with no reduction of plasma 92 
or -deficient) glucose with fructose

Rats 66% of energy as fructose 2 wk Plasma glucose and insulin responses to oral glucose 132 
load greater in fructose-fed rats

Hamsters 60% fructose or sucrose 2 wk Decrease in glucose disappearance rate with fructose 36 
feeding

Dogs 60% of energy as fructose 20–28 d Fasting insulin concentrations increased and insulin 90
or dextrose sensitivity decreased with fructose

Humans (males and females) 4.18 MJ (1000 extra kcal) as 7 d Reductions in insulin binding and insulin sensitivity 94 
fructose or glucose with fructose

Humans (males with or 0%, 7.5%, and 15% of energy 5 wk each 15% fructose resulted in higher insulin and glucose 95
without hyperinsulinemia) as fructose responses than did the other 2 diets

children (122) and adolescents (123). In the adolescent popula-
tion in the United States, total milk consumption decreased by
36% from 1965 to 1996. During the same time period, soft drink
consumption increased 287% in boys and 224% in girls (124). The
long-term effects of increased consumption of fructose on fasting
and postprandial HDL and LDL cholesterol as well as on circu-
lating triacylglycerol concentrations need further investigation. A
better understanding of whether the initial responses to increased
fructose consumption persist, worsen, or improve with time should
result. In addition, the potential role of fructose in the hypertria-
cyglycerolemia often observed during the consumption of high-
carbohydrate, low-fat diets needs to be clarified.

FRUCTOSE AND HYPERTENSION

Similar to insulin resistance and hyperlipidemia, many pub-
lished experiments have shown that high-fructose diets induce
hypertension in animals, including rodents (125–128) and dogs
(90). In fact, fructose-fed rats are frequently used as a model for
studying the effects of pharmacologic agents for treating hyper-
tension (> 50 studies during the past 5 y). The mechanism of fruc-
tose-induced hypertension is not well understood, but such factors

as uric acid production (113), hyperinsulinemia (129), aldehyde
formation (130), and altered vascular reactivity (131) have been
implicated. Takagawa et al (132) showed that long-term (40 wk)
fructose feeding impaired vascular relaxation in the mesenteric
arteries of male Sprague-Dawley rats. Fructose feeding induced
hypertension in normal-fed and high-salt–fed rats and was asso-
ciated with an increased expression of the angiotensin II type 1
receptor in adipose tissue (133).

Compared with individuals with normal blood pressure, per-
sons with high blood pressure are relatively glucose intolerant (6).
Additionally, lowering blood pressure in hypertensive individuals
does not necessarily reduce the degree of glucose intolerance and
hyperinsulinemia. Two potential explanations for how insulin
resistance and hyperinsulinemia could lead to an increase in blood
pressure are as follows: 1) increases in sympathetic neural out-
flow and plasma catecholamine concentrations associated with
increased plasma insulin concentrations, and 2) insulin action at
the level of the proximal tubule to increase fluid reabsorption (6).
Because hypertension is a well-known comorbidity associated
with obesity, insulin resistance, hyperinsulinemia, and hyperlipi-
demia, it is important to determine the effects of fructose con-
sumption on blood pressure in human subjects.
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TABLE 3
Studies reporting the effects of fructose or fructose-containing sweeteners on lipids1

Species Amount fed Length of study Effects on lipids Reference

Rats 68% fructose 100 d Increased TGs that were reversed when a chow diet 107 
was reintroduced

Rats (copper-replete or Fructose or starch as the sole 4 wk Increased TGs with fructose; increased total 110 
-deficient) carbohydrate source cholesterol with fructose plus copper

Dogs 60% of energy as fructose or 20–28 d Increased fasting TGs with fructose 90 
dextrose

Humans (males with or 0%, 7.5%, or 15% of energy as 5 wk each TGs in hyperinsulinemic men increased as fructose 114
without hyperinsulinemia) fructose increased

Humans (males with or 20% of energy as fructose or 5 wk each TGs increased in both groups with fructose but not 115
without hyperinsulinemia) cornstarch with cornstarch

Humans (males and females Consumed either sucrose, 2 y No differences in plasma cholesterol or TGs 116 
aged 13–55 y) fructose, or xylitol

Humans (males and females) 40 g fat with or without 50 g 10 h Fat plus fructose led to higher postprandial TGs; 32
fructose increased TGs correlated with baseline TGs

Humans (males and females 1 g fat/kg body wt plus 6 h TGs rose more slowly but were higher after fructose 33 
with or without type 2 0.75 g/kg body wt of either than after starch 4–6 h after the meal; increased
diabetes) fructose or starch TGs positively correlated with fasting insulin

Humans (males and females) 17% of energy as either fructose 6 wk Higher fasting and postprandial TGs in older men 118 
or glucose with fructose

Humans (females) 30% of energy as fructose or 24 h Higher postprandial TGs with fructose and higher 85 
glucose with 3 meals fasting TGs the following day

1 TG, triacylglycerol.

TABLE 4
Studies reporting the effects of fructose or fructose-containing sweeteners on blood pressure1

Species Amount fed Length of study Effects on blood pressure Reference

Rats 35% of energy as fructose and 4 wk Increased mean arterial pressure with fructose 104 
35% as starch or 70% starch 
or 59% fat

Rats 5%, 10%, or 20% fructose in ≥1 wk Fructose-induced hypertension with 10% solution by 124 
drinking water end of 1 wk

Rats 66% of energy as fructose with 3 wk Systolic BP increased in fructose-fed rats receiving 132 
or without sodium chloride the high-salt diet

Dogs 60% of energy as fructose or 20–28 d Mean arterial pressure increased with fructose 90 
dextrose

Humans (males with or 0%, 7.5%, or 15% of energy as 5 wk each Systolic BP slightly higher with 0% fructose; no 114 
without hyperinsulinemia) fructose difference in diastolic BP

1 BP, blood pressure.

CONCLUSIONS

The intake of dietary fructose has increased markedly as a
result of the steady increase in added sugars in the American diet
(134). In the past, fructose was considered to be beneficial in the
dietary management of diabetes mellitus and insulin resistance
because fructose ingestion results in smaller postprandial
glycemic and insulin excursions than do glucose and complex car-
bohydrates (28). In light of the information presented here, a cau-
tionary note is warranted. Obesity is a growing epidemic in the
United States. In terms of feedback to the CNS regarding energy
status in peripheral tissues, fructose consumption results in
decreased production and, therefore, decreased signaling to the
CNS from 2 hormones (leptin and insulin) involved in the long-
term regulation of energy homeostasis and body adiposity (11,
69). The same observation applies to dietary fat. Thus, the long-
term consumption of diets high in fat and fructose is likely to lead
to increased energy intake, weight gain, and obesity. The potential

for weight gain from increased fructose consumption may only
represent one aspect of its metabolic consequences (Tables 1–4).

Fructose has been implicated as a contributor to nearly all of
the classic manifestations of the insulin resistance syndrome.
Insulin resistance, impaired glucose tolerance, hyperinsulinemia,
hypertension, and hyperlipidemia are associated with fructose
intake in animal models. The data in humans are less clear, per-
haps in part because the effects of fructose are often compared
with those of sucrose, which is composed of 50% fructose. Other
complicating factors obscuring the effect of dietary fructose on
metabolic indexes include the duration of the studies, the age and
the sex of the subjects tested, and the state in which the measure-
ments are made (ie. fasting or postprandial).

A considerable amount of research needs to be done to more
completely appreciate the effect of fructose in the American diet.
In the meantime, a prudent approach concerning recommendations
for dietary fructose would consider the following 2 points. First,
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added fructose (in the forms of sucrose and HFCS) does not
appear to be the optimal choice as a source of carbohydrate in the
diet. Small amounts of added fructose are probably benign and
may even have some favorable metabolic effects. However, on the
basis of the available data regarding the endocrine and metabolic
effects of consuming large quantities of fructose and the potential
to exacerbate components of the insulin resistance syndrome, it is
preferable to primarily consume dietary carbohydrates in the form
of glucose (free glucose and starch). This may be particularly
important in subjects with existing hyperlipidemia or insulin
resistance who could be more susceptible to the adverse metabolic
effects of fructose. Second, the concerns raised about the addition
of fructose to the diet as sucrose or HFCS should not be extended
to naturally occurring fructose from fruit and vegetables. The con-
sumption of fruit and vegetables should continue to be encouraged
because of the resulting increased intake of fiber, micronutrients,
and antioxidants. In addition, the intake of naturally occurring
fructose is low, �15 g/d, and is unlikely to contribute significantly
to the untoward metabolic consequences associated with the con-
sumption of large amounts of fructose. Certainly, it would be
desirable to have more precise data regarding the current amounts
and patterns of fructose consumption. Unfortunately, to our
knowledge, no accurate data on fructose consumption more recent
than 1977–1978 are available. Although fructose disappearance
data show a clear-cut pattern toward increased consumption of
fructose, more definitive measurements of intake in different pop-
ulations require large-scale surveys. In addition, it is important to
gain a better understanding of the effects and mechanisms of fruc-
tose consumption on metabolic indexes such as insulin sensitivity
and lipid metabolism, including triacylglycerol production.
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for his thoughtful review of the manuscript. SSE and PJH wrote the first draft
of the manuscript. All of the authors contributed to the revisions and subse-
quent drafts and reviewed the final version of the manuscript. None of the
authors has any financial or personal relationship with sponsors of this work.

REFERENCES
1. Grundy SM. Multifactorial causation of obesity: implications for pre-

vention. Am J Clin Nutr 1998;67(suppl):563S–72S.
2. Kuczmarski RJ, Flegal KM, Campbell SM, Johnson CL. Increasing

prevalence of overweight among US adults. The National Health and
Nutrition Examination Surveys, 1960 to 1991. JAMA 1994;272:
205–11.

3. Hill JO, Peters JC. Environmental contributions to the obesity epi-
demic. Science 1998;280:1371–4.

4. Wickelgren I. Obesity: how big a problem? Science 1998;280:
1364–7.

5. Kissebah AH, Vydelingum N, Murray R, et al. Relation of body fat
distribution to metabolic complications of obesity. J Clin Endocrinol
Metab 1982;54:254–60.

6. Reaven GM. Banting lecture 1988. Role of insulin resistance in
human disease. Diabetes 1988;37:1595–607.

7. Purnell JQ, Brunzell JD. The central role of dietary fat, not carbo-
hydrate, in the insulin resistance syndrome. Curr Opin Lipidol 1997;
8:17–22.

8. Reaven GM, Chen YD, Jeppesen J, Maheux P, Krauss RM. Insulin
resistance and hyperinsulinemia in individuals with small, dense low
density lipoprotein particles. J Clin Invest 1993;92:141–6.

9. Reaven GM. Pathophysiology of insulin resistance in human disease.
Physiol Rev 1995;75:473–86.

10. Reaven GM. Do high carbohydrate diets prevent the development or

attenuate the manifestations (or both) of syndrome X? A viewpoint
strongly against. Curr Opin Lipidol 1997;8:23–7.

11. Havel PJ. Control of energy homeostasis and insulin action by
adipocyte hormones: leptin, acylation stimulating protein, and
adiponectin. Curr Opin Lipidol 2002;13:51–9.

12. Rask E, Olsson T, Soderberg S, et al. Tissue-specific dysregulation
of cortisol metabolism in human obesity. J Clin Endocrinol Metab
2001;86:1418–21.

13. Masuzaki H, Paterson J, Shinyama H, et al. A transgenic model of
visceral obesity and the metabolic syndrome. Science 2001;294:
2166–70.

14. Meigs JB, D’Agostino RB Sr, Wilson PW, Cupples LA, Nathan DM,
Singer DE. Risk variable clustering in the insulin resistance syn-
drome. The Framingham Offspring Study. Diabetes 1997;46:
1594–600.

15. Hill JO, Lin D, Yakubu F, Peters JC. Development of dietary obesity
in rats: influence of amount and composition of dietary fat. Int J Obes
Relat Metab Disord 1992;16:321–33.

16. Romieu I, Willett WC, Stampfer MJ, et al. Energy intake and other
determinants of relative weight. Am J Clin Nutr 1988;47:406–12.

17. Feskens EJ, Virtanen SM, Rasanen L, et al. Dietary factors deter-
mining diabetes and impaired glucose tolerance. A 20-year follow-
up of the Finnish and Dutch cohorts of the Seven Countries Study.
Diabetes Care 1995;18:1104–12.

18. Kromhout D, Menotti A, Bloemberg B, et al. Dietary saturated and
trans fatty acids and cholesterol and 25-year mortality from coronary
heart disease: the Seven Countries Study. Prev Med 1995;24:308–15.

19. Putnam JJ, Allshouse JE. Food consumption, prices, and expendi-
tures, 1970–97. Washington, DC: Economic Research Service, US
Department of Agriculture, 1999.

20. Bhosale SH, Rao MB, Deshpande VV. Molecular and industrial
aspects of glucose isomerase. Microbiol Rev 1996;60:280–300.

21. Park YK, Yetley EA. Intakes and food sources of fructose in the
United States. Am J Clin Nutr 1993;58(suppl):737S–47S.

22. Guzman-Maldonado H, Paredes-Lopez O. Amylolytic enzymes and
products derived from starch: a review. Crit Rev Food Sci Nutr 1995;
35:373–403.

23. Mayes PA. Intermediary metabolism of fructose. Am J Clin Nutr
1993;58(suppl):754S–65S.

24. Shiota M, Galassetti P, Monohan M, Neal DW, Cherrington AD.
Small amounts of fructose markedly augment net hepatic glucose
uptake in the conscious dog. Diabetes 1998;47:867–73.

25. Petersen KF, Laurent D, Yu C, Cline GW, Shulman GI. Stimulating
effects of low-dose fructose on insulin-stimulated hepatic glycogen
synthesis in humans. Diabetes 2001;50:1263–8.

26. Hawkins MA, Wozniak R, Gabriely I, Mevorach M, Shamoon H,
Rossetti L. Fructose restores the ability of hyperglycemia per se to
regulate hepatic glucose production (GP) in type 2 diabetes mellitus
(DM2). Diabetes 1999;48:A292 (abstr).

27. Moore MC, Mann SL, Converse M, Penaloza A. Fructose decreases
the glucose and insulin responses to an oral glucose tolerance test
(OGTT) in individuals with type 2 diabetes (DM2). Diabetes 2000;
49:A84 (abstr).

28. Glinsmann WH, Bowman BA. The public health significance of
dietary fructose. Am J Clin Nutr 1993;58(suppl):820S–3S.

29. Schwarz JM, Neese RA, Schakleton C, Hellerstein MK. De novo
lipogenesis during fasting and oral fructose ingestion in lean and
obese hyperinsulinemic subjects. Diabetes 1993;42(suppl):A39
(abstr).

30. Schwarz J-M, Neese RA, Turner SM, Nguyen C, Hellerstein MK.
Effect of fructose ingestion on glucose production (GP) and de novo
lipogenesis (DNL) in normal and hyperinsulinemic obese humans.
Diabetes 1994;43(suppl):52A (abstr).

31. Hellerstein MK, Schwarz JM, Neese RA. Regulation of hepatic de
novo lipogenesis in humans. Annu Rev Nutr 1996;16:523–57.

 by on M
arch 2, 2008 

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org


920 ELLIOTT ET AL

32. Jeppesen J, Chen YI, Zhou MY, Schaaf P, Coulston A, Reaven GM.
Postprandial triglyceride and retinyl ester responses to oral fat: effects
of fructose. Am J Clin Nutr 1995;61:787–91.

33. Abraha A, Humphreys SM, Clark ML, Matthews DR, Frayn KN.
Acute effect of fructose on postprandial lipaemia in diabetic and non-
diabetic subjects. Br J Nutr 1998;80:169–75.

34. Kanarek RB, Orthen-Gambill N. Differential effects of sucrose, fruc-
tose and glucose on carbohydrate-induced obesity in rats. J Nutr
1982;112:1546–54.

35. Rizkalla SW, Boillot J, Tricottet V, et al. Effects of chronic dietary
fructose with and without copper supplementation on glycaemic con-
trol, adiposity, insulin binding to adipocytes and glomerular basement
membrane thickness in normal rats. Br J Nutr 1993;70:199–209.

36. Kasim-Karakas SE, Vriend H, Almario R, Chow LC, Goodman MN.
Effects of dietary carbohydrates on glucose and lipid metabolism in
golden Syrian hamsters. J Lab Clin Med 1996;128:208–13.

37. Tordoff MG, Alleva AM. Effect of drinking soda sweetened with
aspartame or high-fructose corn syrup on food intake and body
weight. Am J Clin Nutr 1990;51:963–9.

38. Anderson JW, Story LJ, Zettwoch NC, Gustafson NJ, Jefferson BS.
Metabolic effects of fructose supplementation in diabetic individu-
als. Diabetes Care 1989;12:337–44.

39. Astrup A, Raben A, Vasilaras TH, Moller AC. Sucrose in soft drinks
is fattening: a randomized 10 week study in overweight subjects. Am
J Clin Nutr 2002;75(suppl):405S (abstr).

40. Grant AM, Christie MR, Ashcroft SJ. Insulin release from human
pancreatic islets in vitro. Diabetologia 1980;19:114–7.

41. Curry DL. Effects of mannose and fructose on the synthesis and
secretion of insulin. Pancreas 1989;4:2–9.

42. Sato Y, Ito T, Udaka N, et al. Immunohistochemical localization of
facilitated-diffusion glucose transporters in rat pancreatic islets. Tis-
sue Cell 1996;28:637–43.

43. Woods SC, Chavez M, Park CR, et al. The evaluation of insulin as a
metabolic signal influencing behavior via the brain. Neurosci Biobe-
hav Rev 1996;20:139–44.

44. Schwartz MW, Woods SC, Porte D Jr, Seeley RJ, Baskin DG. Central
nervous system control of food intake. Nature 2000;404:661–71.

45. Kaiyala KJ, Prigeon RL, Kahn SE, Woods SC, Schwartz MW.
Obesity induced by a high-fat diet is associated with reduced brain
insulin transport in dogs. Diabetes 2000;49:1525–33.

46. Brüning JC, Gautam D, Burks DJ, et al. Role of brain insulin recep-
tor in control of body weight and reproduction. Science 2000;289:
2122–5.

47. Schwartz MW, Boyko EJ, Kahn SE, Ravussin E, Bogardus C.
Reduced insulin secretion: an independent predictor of body weight
gain. J Clin Endocrinol Metab 1995;80:1571–6.

48. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM.
Positional cloning of the mouse obese gene and its human homo-
logue. Nature 1994;372:425–32. (Published erratum appears in
Nature 1995;374:479.)

49. Masuzaki H, Ogawa Y, Isse N, et al. Human obese gene expression.
Adipocyte-specific expression and regional differences in adipose tis-
sue. Diabetes 1995;44:855–8.

50. Caro JF, Sinha MK, Kolaczynski JW, Zhang PL, Considine RV.
Leptin: the tale of an obesity gene. Diabetes 1996;45:1455–62.

51. Rohner-Jeanrenaud F, Jeanrenaud B. Obesity, leptin, and the brain.
N Engl J Med 1996;334:324–5 (editorial).

52. Niswender KD, Morton GJ, Stearns WH, Rhodes CJ, Myers MG Jr,
Schwartz MW. Intracellular signalling. Key enzyme in leptin-induced
anorexia. Nature 2001;413:794–5.

53. Haynes WG, Morgan DA, Walsh SA, Mark AL, Sivitz WI. Receptor-
mediated regional sympathetic nerve activation by leptin. J Clin
Invest 1997;100:270–8.

54. Havel PJ, Pelleymounter M. Acute adrenergically-mediated increases
of circulating glucose and lactate after leptin administration in rhesus
monkeys. Obes Res 1997;5:17S (abstr).

55. Tang-Christensen M, Havel PJ, Jacobs RR, Larsen PJ, Cameron JL.
Central administration of leptin inhibits food intake and activates the
sympathetic nervous system in rhesus macaques. J Clin Endocrinol
Metab 1999;84:711–7.

56. Montague CT, Farooqi IS, Whitehead JP, et al. Congenital leptin defi-
ciency is associated with severe early-onset obesity in humans.
Nature 1997;387:903–8.

57. Clement K, Vaisse C, Lahlou N, et al. A mutation in the human lep-
tin receptor gene causes obesity and pituitary dysfunction. Nature
1998;392:398–401.

58. Farooqi S, Jebb SA, Langmack G, et al. Effects of recombinant lep-
tin therapy in a child with congenital leptin deficiency. N Engl J Med
1999;341:879–84.

59. Farooqi IS, Keogh JM, Kamath S, et al. Partial leptin deficiency and
human adiposity. Nature 2001;414:34–5.

60. Keim NL, Stern JS, Havel PJ. Relation between circulating leptin
concentrations and appetite during a prolonged, moderate energy
deficit in women. Am J Clin Nutr 1998;68:794–801.

61. Westerterp-Plantenga MS, Saris WH, Hukshorn CJ, Campfield LA.
Effects of weekly administration of pegylated recombinant human
OB protein on appetite profile and energy metabolism in obese men.
Am J Clin Nutr 2001;74:426–34.

62. Havel PJ. Leptin production and action: relevance to energy balance
in humans. Am J Clin Nutr 1998;67:355–6 (editorial).

63. Ahren B, Mansson S, Gingerich RL, Havel PJ. Regulation of plasma
leptin in mice: influence of age, high-fat diet, and fasting. Am J Phys-
iol 1997;273:R113–20.

64. Maffei M, Halaas J, Ravussin E, et al. Leptin levels in human and
rodent: measurement of plasma leptin and ob RNA in obese and
weight reduced subjects. Nat Med 1995;1:1155–61.

65. Havel PJ. Glucose but not fructose infusion increases circulating lep-
tin in proportion to adipose stores in rhesus monkeys. Exp Clin
Endocrinol Diabetes 1997;105:37–8.

66. Havel PJ, Kasim-Karakas S, Mueller W, Johnson PR, Gingerich RL,
Stern JS. Relationship of plasma leptin to plasma insulin and adi-
posity in normal weight and overweight women: effects of dietary fat
content and sustained weight loss. J Clin Endocrinol Metab 1996;81:
4406–13.

67. Weigle DS, Duell PB, Connor WE, Steiner RA, Soules MR, Kuijper JL.
Effect of fasting, refeeding, and dietary fat restriction on plasma lep-
tin levels. J Clin Endocrinol Metab 1997;82:561–5.

68. Dubuc GR, Phinney SD, Stern JS, Havel PJ. Changes of serum lep-
tin and endocrine and metabolic parameters after 7 days of energy
restriction in men and women. Metabolism 1998;47:429–34.

69. Havel PJ. Peripheral signals conveying metabolic information to the
brain: short-term and long-term regulation of food intake and energy
homeostasis. Exp Biol Med 2001;226:963–77.

70. Sinha MK, Ohannesian JP, Heiman ML, et al. Nocturnal rise of lep-
tin in lean, obese, and non-insulin-dependent diabetes mellitus sub-
jects. J Clin Invest 1996;97:1344–7.

71. Schoeller DA, Cella LK, Sinha MK, Caro JF. Entrainment of the diur-
nal rhythm of plasma leptin to meal timing. J Clin Invest 1997;100:
1882–7.

72. Boden G, Chen X, Mozzoli M, Ryan I. Effect of fasting on serum leptin
in normal human subjects. J Clin Endocrinol Metab 1996;81:3419–23.

73. Saad MF, Khan A, Sharma A, et al. Physiological insulinemia acutely
modulates plasma leptin. Diabetes 1998;47:544–9.

74. Mueller WM, Gregoire FM, Stanhope KL, et al. Evidence that glu-
cose metabolism regulates leptin secretion from cultured rat
adipocytes. Endocrinology 1998;139:551–8.

75. Moreno-Aliaga MJ, Stanhope KL, Havel PJ. Transcriptional regula-
tion of the leptin promoter by insulin-stimulated glucose metabolism
in 3t3-l1 adipocytes. Biochem Biophys Res Comm 2001;283:544–8.

76. Mueller WM, Stanhope KL, Gregoire F, Evans JL, Havel PJ. Effects
of metformin and vanadium on leptin secretion from cultured rat
adipocytes. Obes Res 2000;8:530–9.

 by on M
arch 2, 2008 

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org


METABOLIC EFFECTS OF FRUCTOSE 921

77. Wellhoener P, Fruehwald-Schultes B, Kern W, et al. Glucose metab-
olism rather than insulin is a main determinant of leptin secretion in
humans. J Clin Endocrinol Metab 2000;85:1267–71.

78. Laughlin GA, Yen SS. Hypoleptinemia in women athletes: absence
of a diurnal rhythm with amenorrhea. J Clin Endocrinol Metab 1997;
82:318–21.

79. Saad MF, Riad-Gabriel MG, Khan A, et al. Diurnal and ultradian
rhythmicity of plasma leptin: effects of gender and adiposity. J Clin
Endocrinol Metab 1998;83:453–9.

80. Havel PJ, Townsend R, Chaump L, Teff K. High fat meals reduce
24-hour circulating leptin concentrations in women. Diabetes 1999;
48:334–41.

81. Poppitt SD, Keogh GF, Prentice AM, et al. Long-term effects of ad
libitum low-fat, high-carbohydrate diets on body weight and serum
lipids in overweight subjects with metabolic syndrome. Am J Clin
Nutr 2002;75:11–20.

82. Horton TJ, Drougas H, Brachey A, Reed GW, Peters JC, Hill JO. Fat
and carbohydrate overfeeding in humans: different effects on energy
storage. Am J Clin Nutr 1995;62:19–29.

83. Tataranni PA, Ravussin E. Effect of fat intake on energy balance. Ann
N Y Acad Sci 1997;819:37–43.

84. Tremblay A, Plourde G, Despres JP, Bouchard C. Impact of dietary fat
content and fat oxidation on energy intake in humans. Am J Clin Nutr
1989;49:799–805.

85. Havel PJ, Elliott SS, Tschoep M, et al. Consuming high fructose
meals reduces 24 hour circulating insulin and leptin concentrations
and does not suppress circulating ghrelin in women. J Invest Med
2002;50:26A (abstr).

86. Tschop M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E,
Heiman ML. Circulating ghrelin levels are decreased in human obe-
sity. Diabetes 2001;50:707–9.

87. Hallfrisch J, Lazar F, Jorgensen C, Reiser S. Insulin and glucose
responses in rats fed sucrose or starch. Am J Clin Nutr 1979;32:787–93.

88. Reiser S, Hallfrisch J. Insulin sensitivity and adipose tissue weight
of rats fed starch or sucrose diets ad libitum or in meals. J Nutr 1977;
107:147–55.

89. Zavaroni I, Sander S, Scott S, Reaven GM. Effect of fructose feed-
ing on insulin secretion and insulin action in the rat. Metabolism
1980;29:970–3.

90. Martinez FJ, Rizza RA, Romero JC. High-fructose feeding elicits
insulin resistance, hyperinsulinism, and hypertension in normal mon-
grel dogs. Hypertension 1994;23:456–63.

91. Thorburn AW, Storlien LH, Jenkins AB, Khouri S, Kraegen EW.
Fructose-induced in vivo insulin resistance and elevated plasma
triglyceride levels in rats. Am J Clin Nutr 1989;49:1155–63.

92. Fields M, Lewis CG, Lure MD. Responses of insulin to oral glucose
and fructose loads in marginally copper-deficient rats fed starch or
fructose. Nutrition 1996;12:524–8.

93. Blakely SR, Hallfrisch J, Reiser S, Prather ES. Long-term effects of
moderate fructose feeding on glucose tolerance parameters in rats. J
Nutr 1981;111:307–14.

94. Beck-Nielsen H, Pedersen O, Lindskov HO. Impaired cellular insulin
binding and insulin sensitivity induced by high-fructose feeding in
normal subjects. Am J Clin Nutr 1980;33:273–8.

95. Hallfrisch J, Ellwood KC, Michaelis OE, Reiser S, O’Dorisio TM,
Prather ES. Effects of dietary fructose on plasma glucose and hor-
mone responses in normal and hyperinsulinemic men. J Nutr 1983;
113:1819–26.

96. McGarry JD. Disordered metabolism in diabetes: have we underem-
phasized the fat component? J Cell Biochem 1994;55(suppl):29–38.

97. Jéquier E, Tappy L. Regulation of body weight in humans. Physiol
Rev 1999;79:451–80.

98. Virkamäki A, Korsheninnikova E, Seppälä-Lindroos A, et al. Intramy-
ocellular lipid is associated with resistance to in vivo insulin actions
on glucose uptake, antilipolysis, and early insulin signaling pathways
in human skeletal muscle. Diabetes 2001;50:2337–43.

99. Rebrin K, Steil GM, Getty L, Bergman RN. Free fatty acid as a link
in the regulation of hepatic glucose output by peripheral insulin. Dia-
betes 1995;44:1038–45.

100. Steil GM, Rebrin K, Mittelman SD, Bergman RN. Role of portal
insulin delivery in the disappearance of intravenous glucose and
assessment of insulin sensitivity. Diabetes 1998;47:714–20.

101. Bergman RN, Ader M. Free fatty acids and pathogenesis of type 2
diabetes mellitus. Trends Endocrinol Metab 2000;11:351–6.

102. Arner P. Free fatty acids—do they play a central role in type 2 dia-
betes? Diabetes Obes Metab 2001;3(suppl):S11–9.

103. Bieger WP, Michel G, Barwich D, Biehl K, Wirth A. Diminished
insulin receptors on monocytes and erythrocytes in hypertriglyc-
eridemia. Metabolism 1984;33:982–7.

104. Storlien LH, Oakes ND, Pan DA, Kusunoki M, Jenkins AB. Syn-
dromes of insulin resistance in the rat. Inducement by diet and ame-
lioration with benfluorex. Diabetes 1993;42:457–62.

105. Jeng CY, Sheu WH, Fuh MM, Shieh SM, Chen YD, Reaven GM.
Gemfibrozil treatment of endogenous hypertriglyceridemia: effect on
insulin-mediated glucose disposal and plasma insulin concentrations.
J Clin Endocrinol Metab 1996;81:2550–3.

106. Weyer C, Funahashi T, Tanaka S, et al. Hypoadiponectinemia in obe-
sity and type 2 diabetes: close association with insulin resistance and
hyperinsulinemia. J Clin Endocrinol Metab 2001;86:1930–5.

107. Herman RH, Zakim D, Stifel FB. Effect of diet on lipid metabolism
in experimental animals and man. Fed Proc 1970;29:1302–7.

108. Inoue I, Takahashi K, Katayama S, et al. Effect of troglitazone
(CS-045) and bezafibrate on glucose tolerance, liver glycogen syn-
thase activity, and beta-oxidation in fructose-fed rats. Metabolism
1995;44:1626–30.

109. Okazaki M, Zhang H, Yoshida Y, Ichino K, Nakayama S, Oguchi K.
Correlation between plasma fibrinogen and serum lipids in rats with
hyperlipidemia induced by cholesterol free-high fructose or high cho-
lesterol diet. J Nutr Sci Vitaminol (Tokyo) 1994;40:479–89.

110. Fields M, Lewis CG. Dietary fructose but not starch is responsible
for hyperlipidemia associated with copper deficiency in rats: effect
of high-fat diet. J Am Coll Nutr 1999;18:83–7.

111. Hellerstein MK. Synthesis of fat in response to alterations in diet:
insights from new stable isotope methodologies. Lipids 1996;
31(suppl):S117–25.

112. Schwarz JM, Neese RA, Basinger A, Hellerstein MK. Effect of oral
fructose on lipolysis, fat oxidation, fractional and absolute de novo
lipogenesis (DNL) using mass isotopomer distribution analysis
(MIDA). FASEB J 1993;7:A867 (abstr).

113. Reiser S. Effects of dietary sugars in metabolic risk factors associ-
ated with heart disease. Nutr Health 1985;3:203–16.

114. Hallfrisch J, Reiser S, Prather ES. Blood lipid distribution of hyper-
insulinemic men consuming three levels of fructose. Am J Clin Nutr
1983;37:740–8.

115. Reiser S, Powell AS, Scholfield DJ, Panda P, Fields M, Canary JJ.
Day-long glucose, insulin, and fructose responses of hyperinsuline-
mic and nonhyperinsulinemic men adapted to diets containing either
fructose or high-amylose cornstarch. Am J Clin Nutr 1989;50:
1008–14.

116. Huttunen JK, Makinen KK, Scheinin A. Turku sugar studies XI.
Effects of sucrose, fructose and xylitol diets on glucose, lipid and
urate metabolism. Acta Odontol Scand 1976;34:345–51.

117. Hollenbeck CB. Dietary fructose effects on lipoprotein metabolism
and risk for coronary artery disease. Am J Clin Nutr 1993;58:
800S–809S.

118. Bantle JP, Raatz SK, Thomas W, Georgopoulos A. Effects of dietary
fructose on plasma lipids in healthy subjects. Am J Clin Nutr 2000;
72:1128–34.

119. Teff K, Elliott S, Tschoep M, et al. Consuming high fructose meals
reduces 24 hour plasma insulin and leptin concentrations, does not
suppress circulating ghrelin, and increases postprandial and fasting
triglycerides in women. Diabetes 2002;1(suppl):abstract 1672.

 by on M
arch 2, 2008 

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org


922 ELLIOTT ET AL

120. Parks EJ, Hellerstein MK. Carbohydrate-induced hypertriacylglyc-
erolemia: historical perspective and review of biological mechanisms.
Am J Clin Nutr 2000;71:412–33.

121. Taghibiglou C, Carpentier A, Van Iderstine SC, et al. Mechanisms of
hepatic very low density lipoprotein overproduction in insulin resist-
ance. Evidence for enhanced lipoprotein assembly, reduced intracel-
lular ApoB degradation, and increased microsomal triglyceride trans-
fer protein in a fructose-fed hamster model. J Biol Chem 2000;275:
8416–25.

122. Farris RP, Nicklas TA, Myers L, Berenson GS. Nutrient intake and
food group consumption of 10-year-olds by sugar intake level: the
Bogalusa Heart Study. J Am Coll Nutr 1998;17:579–85.

123. Dwyer JT, Evans M, Stone EJ, et al. Adolescents’ eating patterns
influence their nutrient intakes. J Am Diet Assoc 2001;101:
798–802.

124. Cavadini C, Siega-Riz AM, Popkin BM. US adolescent food intake
trends from 1965 to 1996. Arch Dis Child 2000;83:18–24.

125. Dai S, McNeill JH. Fructose-induced hypertension in rats is concen-
tration- and duration-dependent. J Pharmacol Toxicol Methods 1995;
33:101–7.

126. Erlich Y, Rosenthal T. Effect of angiotensin-converting enzyme
inhibitors on fructose induced hypertension and hyperinsuli-
naemia in rats. Clin Exp Pharmacol Physiol 1995;22(suppl):
S347–9.

127. Suzuki M, Nomura C, Odaka H, Ikeda H. Effect of an insulin sensi-
tizer, pioglitazone, on hypertension in fructose-drinking rats. Jpn J
Pharmacol 1997;74:297–302.

128. Verma S, Bhanot S, McNeill JH. Antihypertensive effects of met-
formin in fructose-fed hyperinsulinemic, hypertensive rats. J Phar-
macol Exp Ther 1994;271:1334–7.

129. Daly ME, Vale C, Walker M, Alberti KG, Mathers JC. Dietary car-
bohydrates and insulin sensitivity: a review of the evidence and clin-
ical implications. Am J Clin Nutr 1997;66:1072–85.

130. Vasdev S, Ford CA, Longerich L, Gadag V, Wadhawan S. Role of
aldehydes in fructose induced hypertension. Mol Cell Biochem 1998;
181:1–9.

131. Verma S, Bhanot S, McNeill JH. Decreased vascular reactivity in
metformin-treated fructose-hypertensive rats. Metabolism 1996;45:
1053–5.

132. Takagawa Y, Berger ME, Hori MT, Tuck ML, Golub MS. Long-term
fructose feeding impairs vascular relaxation in rat mesenteric arteries.
Am J Hypertens 2001;14:811–7.

133. Giacchetti G, Sechi LA, Griffin CA, Don BR, Mantero F, Schambelan M.
The tissue renin-angiotensin system in rats with fructose-induced
hypertension: overexpression of type 1 angiotensin II receptor in adi-
pose tissue. J Hypertens 2000;18:695–702.

134. Coulston AM, Johnson RK. Sugar and sugars: myths and realities. J
Am Diet Assoc 2002;102:351–3.

 by on M
arch 2, 2008 

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org

