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Dietary carbohydrates and insulin sensitivity: a review of
the evidence and clinical implications'2
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ABSTRACT Insulin resistance is associated with diabetes
mellitus, ischemic heart disease, and hypertension both indepen-
dently and as part of syndrome X. Environmental influences on S,
are incompletely understood. Exercise has a strong beneficial
effect and obesity a strong adverse effect. The balance of evidence
suggests that a high-fat diet is likely to reduce insulin sensitivity
but the effects of dietary carbohydrates are more controversial.
Extensive studies in animals showed a detrimental effect of diets
very high in fructose or sucrose, particularly in association with
induction of hypertriglyceridemia. The more limited studies in
humans had conflicting results, partly because of heterogeneity of
design. Certain groups of subjects may be more sensitive to ad-
verse effects of high intakes of dietary sucrose or fructose. More
carefully controlled studies in humans are needed to provide
evidence on which to base public health policies with respect to
dietary carbohydrates and S;. Am J Clin Nutr 1997;66:
1072-8S.
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INTRODUCTION

Himsworth (1), in 1935, was one of the first to explore the
concept of insulin sensitivity (S;). Not only did he develop the
first method for its measurement but he also pursued the idea
that diet might affect glucose tolerance by altering S;. Over the
past 25 y, there has been an explosion of interest in S; for
several reasons.

First, decreased S; (insulin resistance) has been implicated as
a major etiologic factor in the development of non-insulin-
dependent diabetes mellitus (NIDDM) and is now identified as
one of the earliest detectable abnormalities in at least some
people in whom NIDDM later develops. Indeed, the attempt to
elucidate the pathogenesis of NIDDM was the stimulus for
much of the work reviewed in this article.

More recently, the scope has been broadened. Avogaro and
Creapaldi (2) first described the association of cardiovascular
risk factors such as hyperlipidemia, glucose intolerance, and
obesity in NIDDM and at the time it was thought that these
factors were linked to hypertension and ischemic heart disease.
This concept underwent further development with the descrip-
tion by Reaven (3) of the metabolic syndrome, or syndrome X,
a disorder in which insulin resistance, hyperinsulinemia, or
both are key features. Separate from the associations in syn-

drome X, hypertension alone was linked to insulin resistance.
High-sucrose and high-fructose diets were used in animal mod-
els both for hypertension studies (4—6) and to induce syn-
dromes of insulin resistance to test hypoglycemic agents (7, 8).
The interest in S; therefore goes beyond understanding the
pathogenesis of NIDDM to encompass the major health prob-
lems of hypertension and ischemic heart disease.

There is a wide variation in S; in the healthy population
because of differences in genetic make-up and environmental
influences. The predisposition to NIDDM is partly inherited.
Insulin resistance is one of the earliest abnormalities detected
before onset of the diabetic state and was found to cluster in
some NIDDM families (9), thereby providing support for the
role of inherited factors. Obesity is probably the most common
condition associated with insulin resistance (10) and weight
loss improves S;. Visceral obesity (in which the proportion of
adipose tissue in the abdominal cavity is increased, measured
indirectly by assessment of waist-to-hip ratio) is associated
particularly with insulin resistance (11) but precise elucidation
of the hormonal and metabolic causes that underlie this asso-
ciation remains incomplete (12). Another major environmental
factor is physical exercise, which has a particularly strong
influence on S; (13, 14).

The influence of diet on S; is not as well described. Since
Himsworth’s early work, researchers have approached the
study of the effects of diet on glucose metabolism and S; from
very different perspectives and this makes it difficult to com-
pare results. The effects of dietary fat were reviewed recently
and the evidence so far suggests that the pattern of consump-
tion of fatty acids may be as important as the quantity of fat
(15).

In the early 1970s, after the development of insulin assays,
several workers investigated the effects of carbohydrates on
glucose tolerance, insulin concentrations, and aspects of insu-
lin-mediated metabolism in animals and humans. By the late
1970s there had been some specific work on effects on S; but
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the direction of research then changed rapidly. Most of the
studies in animals done since then focused on possible mech-
anisms responsible for diet-induced changes whereas most of
the studies in humans addressed the debate regarding the best
diet for people with diabetes. Evidence on which to base public
health advice for the general population is scanty.

Assessment of insulin sensitivity

S, is difficult to assess and two general problems arise when
considering data from work done in this area. First, although
insulin has many actions, most studies focused only on its
effects on carbohydrate metabolism; little work has been done
on other aspects of insulin action, such as protein or lipid
metabolism. Second, it was discovered recently that the origi-
nal radioimmunoassays developed for measuring insulin are
not as specific as originally thought and that they are cross-
reactive with proinsulin and proinsulin split products. Although
these may contribute only 10% of the total measured insulin
concentration in nondiabetic people, they may account for as
much as 50% of the measured value in patients with NIDDM
(16). The discovery of cross-reactivity thus created doubt about
the conclusions of many of the earlier studies in patients with
NIDDM in whom conventional immunoassays were used to
measure endogenous insulin, although, of course, results from
studies using exogenous insulin injection or infusion remain
valid.

Measurement of fasting insulin concentrations is the most
basic method of assessing S; and may be of particular value in
screening studies with large numbers of subjects. A study by
Laakso (17) had 132 subjects, including subjects with normal
glucose tolerance, subjects with impaired glucose tolerance,
and subjects with NIDDM. He found a strong correlation
between fasting insulin concentrations and results obtained
with a hyperinsulinemic clamp but correlations were weaker in
subjects with impaired glucose tolerance. Therefore, measure-
ment of fasting insulin concentrations is of particular value in
subjects with normal glucose tolerance.

The ratio of fasting insulin concentrations to glucose has
been used to assess Sy but an improvement on this method is the
homeostatic model assessment (18). In some of the larger
population-based studies (19), this assessment was more useful
than primary measurement of fasting insulin concentrations or
insulin-glucose ratios. A further development is measurement
of postprandial insulin and glucose concentrations throughout
the day (20). This is a useful method only in people in whom
insulin secretion is not impaired and is less useful in diabetic
people or subjects with impaired glucose tolerance. This is also
true of the oral-glucose-tolerance test for assessment of S; (21).

The frequently sampled intravenous-glucose-tolerance test
(FSIGT) is a more sophisticated form of the intravenous-
glucose-tolerance test developed by Bergman et al (22). This
test uses physiologic models of glucose use and insulin kinetics
together with computer analysis to derive a measurement of S;.
This computer-assisted approach is known as the minimal
model method. The problem of poor insulin secretion can be
overcome by using intravenous tolbutamide to boost insulin
secretion in subjects with NIDDM (23) or a background insulin
infusion or insulin bolus in subjects with insulin-dependent
diabetes mellitus (24). S; calculated in this way correlated
strongly with results obtained with use of a euglycemic clamp
in some studies (25).

The more direct methods that use administration of exoge-
nous insulin overcome the potential problems of reduced insu-
lin secretion in some subjects. The first example of a method of
this type is the glucose-insulin tolerance test developed by
Himsworth et al (1) in the 1930s. This was based on a com-
parison of two responses to an oral-glucose load in which a
bolus of insulin was given intravenously in the second exper-
iment. Assessment of the ratios of the areas under the glucose
curves allowed derivation of an index of relative ;.

The insulin tolerance test is a comparatively simple tech-
nique that is based on measurement of the rate of decrease in
plasma glucose concentration over 30 min in response to a
bolus of insulin administered intravenously. There were prob-
lems with this method when it was first developed because of
the surge in counterregulatory hormones as plasma glucose fell
and the high incidence of hypoglycemia. However, when the
test is modified by terminating it after 15 min, development of
hypoglycemia and confounding effects of the counterregula-
tory hormones can be avoided. Results from this modified
version of the insulin tolerance test correlate well with those
obtained with euglycemic clamping, provided that arterialized
blood samples are used for glucose measurement (26).

All the tests discussed so far are characterized by nonsteady
state plasma insulin concentrations. The insulin suppression
test developed by Shen et al (27) was the first to use steady
state insulin concentrations. In the original method, glucose
and insulin were infused at a predetermined rate with the
combination of adrenaline to inhibit endogenous insulin secre-
tion and propanolol to counteract the cardiovascular effects of
adrenaline. Later, Yasuda et al (28) substituted somatostatin for
adrenaline and propanolol. Subsequently, Heine et al (29)
found that somatostatin was not necessary. S is reflected by the
steady state plasma concentrations of glucose reached after
equilibration for 90-150 min, and an M value that reflects the
net removal of glucose from the circulation can be calculated.
The main problem is that hepatic glucose output is not mea-
sured, although the simplicity and reproducibility of this test
outweigh this disadvantage in most situations.

Euglycemic clamping is the most sophisticated and widely
used way to assess S; (30). Insulin is infused at a fixed rate to
achieve steady state insulin concentrations whereas a variable
glucose-infusion rate is used to maintain euglycemia. The
glucose-infusion rate provides an index of whole-body ;. A
combination of an isotope-labeled glucose infusion and clamp-
ing allows assessment of peripheral (predominantly skeletal
muscle) and hepatic insulin sensitivities (31). Dose-response
curves can be constructed by use of stepwise increases in the
insulin-infusion rate. Suppression of lipolysis can be assessed
by using lower doses of insulin.

Other tests use a continuous infusion of glucose with model
assessment (32) and a low-dose infusion of insulin without
glucose replacement (33).

Effects of diet on insulin sensitivity: strength of the
evidence

The studies reviewed in this article can be categorized into
two groups: intervention studies, in which intakes of one or
more components of the diet were deliberately changed and
responses in individual S; compared (most studies in humans
and animals are in this category); and natural experiments or
epidemiologic studies, in which individuals with freely chosen

100z ‘T 1snbBny uo Aq 610’ usle:mmm woliy papeojumoq


http://www.ajcn.org

@ The American Journal of Clinical Nutrition

1074 DALY ET AL

diets were studied. Problems exist in both groups. One inherent
problem of interventional studies in both humans and animals
is that when the proportion of energy from one macronutrient,
eg, carbohydrate, is changed, the contribution by one or more
other components is inevitably affected. Thus, when a person
switches from a diet supplying 40% of energy as carbohydrate,
40% as fat, and 20% as protein to a diet supplying 60% as
carbohydrate, 20% as fat, and 20% as protein, fat content is
reduced by 50%. If an increase in S is detected in this context,
it cannot be concluded that this is due to the change in carbo-
hydrate alone. However, if intake of a subcomponent, eg, a
simple sugar, can be changed without changing the total intake
of carbohydrate, conclusions about the effects on S; that are not
confounded by changes in fat or protein content can be drawn.
If the quantity and source of protein content are fixed, conclu-
sions can be made about high-fat, low-carbohydrate diets com-
pared with high-carbohydrate diets. In this review we focus on
studies that allowed conclusions with respect to type of dietary
carbohydrate.

In studies in animals, extreme diets are often chosen [eg, a
diet in which fructose or glucose accounted for = 70% of total
dietary energy (34)] whereas, in studies in humans, the highest
contribution made by fructose is =~15%. This difference be-
tween studies in animals and those in humans makes it more
difficult to compare results. Another potential problem of stud-
ies in animals is variation in the nature of the control diet. This
can be a particular problem with nonpurified diets but most
studies in animals discussed in this review used synthetic diets.
Furthermore, results were consistent between studies using
nonpurified diets for controls and those that used synthetic
diets.

In studies in humans, dietary variation before the experimen-
tal period can be a confounding factor, although proper ran-
domization and the use of crossover designs should help
prevent this problem. Epidemiologic studies are often charac-
terized by use of poor dietary assessment methods (35). Quan-
titative evidence of dietary intake can be obtained by use of 7-d
weighed-food assessments combined with determinations of
appropriate biomarkers (there are not yet any known reliable
biomarkers for intakes of specific carbohydrates) but such
studies are the most difficult to conduct. Many authors rely too
heavily on inadequate dietary data. In summary, the problems
in assessing the literature in this area have three main sources:
the differing perspectives from which the problem was ap-
proached, which lead to incomplete and incompatible data; the
problems in assessing S; quantitatively; and the problems in-
herent in assessing both habitual intake and dietary
intervention.

Studies in animals

The studies in animals reviewed here provide strong evi-
dence for links between the amount and type of carbohydrate in
the diet and S;. Additionally, some also explored possible sites
and mechanisms of diet-induced insulin resistance and the
effect of other variables, such as age, exercise, or use of
lipid-lowering drugs. There has been an extensive amount of
work in this area and some selectivity is necessary. The focus
is on studies that provide quantitative information on the effect
of the source of dietary carbohydrate. Examples of studies that
used less specific changes in macronutrient composition are
mentioned only briefly.

Boyd et al (36) found that a high-fat, high-sucrose diet
compared with a conventional nonpurified diet (61% of total
dietary energy from starch and 10% from fat) decreased S;
(assessed by in vitro maximal stimulated glucose uptake by the
diaphragm muscle) to only 55% of that with the control diet.
However, so many dietary variables were changed that it is not
possible to attribute the effects of the diet to any specific
component. Similarly, Barnard et al (37) examined the effects
of a high-fat, high-sucrose diet compared with a low-fat, high-
complex-carbohydrate diet in young and old rats and found that
diet but not aging had an adverse effect on S;, with decreased
in vitro glucose transport in skeletal muscle.

To distinguish between the effects of fat and sucrose,
Maegawa et al (38) compared a high-sucrose diet (73% by
weight) with a high-fat diet (60% by weight) and found that
insulin concentrations were highest in the high-sucrose group
but were also raised, although to a lesser extent, in the high-fat
group compared with the control group (a standard nonpurified
diet). Insulin-stimulated 2-deoxyglucose uptake into soleus
muscle was impaired during both experimental diets but more
so during the high-fat diet. In contrast, glucose uptake was
increased markedly in adipocytes from animals in the sucrose
group but decreased in adipocytes from animals consuming the
high-fat diet.

Conclusions from these two types of studies regarding the
effects of carbohydrates on S; are limited because more than
one dietary variable changed between the control and experi-
mental groups; however, in both examples, a high-fat, high-
sucrose diet increased insulin resistance. When high-fat and
high-sucrose diets were considered separately, each seemed
capable of inducing hyperinsulinemia and decreasing insulin-
stimulated glucose uptake into muscle.

A second approach is to supplement a standard nonpurified
diet with a sugar-containing drink that replaces water in the
diet. Three of the studies reviewed here used this approach.
Although their main aim was to assess the effect of adding
sugar to the diet, if the rest of the diet remains constant, the
percentage of total energy contributed by components other
than the added sugar decreases proportionately and there may
be an increase in total energy intake.

An example of this occurred in the study by Vallerand et al
(39), which used a 2 X 2 factorial design to investigate the
effects of adding sucrose to tap water in combination with the
effects of exercise. The carbohydrate contribution to energy
intake in the control group was 60%; it rose to 87-89% in the
sucrose-supplemented group. The results were complex. Rats
fed sucrose had higher fasting and postprandial insulin concen-
trations but the area under the glucose curve was lower in both
sucrose groups, particularly the exercise groups. The authors
concluded that sucrose and exercise had a synergistic effect on
glucose tolerance in that the sucrose-rich diet increased insulin
concentrations but did not alter S; whereas exercise increased
S;. However, the lower fat intakes in the sucrose groups (3.2%
and 3.7% of total energy compared with 12%) may have
improved S; and thus offset any detrimental effect of sucrose
on ;.

Rawana et al (40) investigated the effects of replacing water
with either a fructose or a glucose solution in rat dams and their
offspring during gestation and lactation. In dams, fructose
increased glucose, insulin, and triacylglycerol concentrations
and insulin-glucose ratios whereas glucose produced values
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intermediate between those in the fructose group and those in
controls given water. However, note that energy intakes were
much higher in the sugar-supplemented groups and this may
have contributed to differences between the experimental and
control groups. Dai and McNeil (41) attempted to determine
the most suitable amount of fructose for inducing hypertension
by using different concentrations of fructose in drinking water.
They found that a 10% solution, which was equal to 48-57% of
energy as fructose in their study, was most effective in increas-
ing fasting insulin concentrations.

The final investigative strategy is to keep the macronutrient
proportions constant and either to vary the supply of polysac-
charides compared with sugars or to compare one sugar with
another, eg, fructose with glucose. These studies provide the
most unambiguous information and therefore merit a more
detailed examination of their experimental design and results.

There are several important features of the experimental
design of these studies. In most cases, diet composition was
expressed as the proportion of total dietary energy contributed
by each component, and the other dietary components that
contribute energy (ie, fat and protein) were the same in the
experimental and control diets. If diet composition was calcu-
lated by weight, this was indicated. Feeding pattern may influ-
ence the response to diet; animals given ad libitum access to
food may consume different amounts of energy, which may
confound attempts at interpreting S; results. Pair feeding is the
method of choice for ensuring comparable intakes between
treatment groups. Although this method ensures similar energy
intakes, patterns of intake within a day may vary and this has
well-recognized metabolic consequences. In instances in which
the information was available, however, feeding pattern had no
apparent effect on results. Because changes in body mass and,
particularly, body composition may affect S, results for these
variables are also included if available.

Results of studies of the most basic reflection of S, ie,
fasting insulin concentrations, are summarized in Table 1.
Most of these studies found increased fasting insulin concen-
trations when sucrose replaced starch in the diet (42—47). When
the monosaccharide components of sucrose were considered

separately, fructose had the greater effect in two studies (4, 49)
and produced no difference in fasting insulin concentrations in
others (50-53). Only one study using sucrose as the experi-
mental carbohydrate (48) did not show an effect of a sucrose
diet on fasting insulin concentrations. However, this was a
complex study that also looked at effects of aging and exercise.
Perhaps more important, it was the study that used the lowest
dietary amount of sucrose.

Several methods for assessing S; in vivo and some ingenious
in vitro techniques were used in these studies (Table 2). In
general, S; was decreased in animals with a high percentage of
sucrose in their diets compared with those in a starch-consump-
tion control group (42, 44-46, 54). These findings were sup-
ported by observations of decreased maximal tyrosine kinase
activity (48) and reduced diaphragmatic glucose uptake (57).
The effect of fructose was similar to that of sucrose. Compared
with starch, fructose decreased S; (55, 56). This was not,
however, due simply to the effect of hexose compared with
complex carbohydrate causing insulin resistance because when
glucose and fructose were compared directly (4, 34, 53), fruc-
tose appeared to be the culpable moiety.

This is best illustrated by two studies of almost identical
design, one of which investigated sucrose compared with
starch (42) and the other fructose compared with glucose (50)
(Figure 1). Glucose-infusion rates during euglycemic clamp-
ing indicated reduced S, in both the fructose and sucrose groups
compared with the glucose and starch groups (the greater the
glucose-infusion rate the higher the S;). These studies were
performed by the same investigators, who used identical de-
signs (pair feeding for 4 wk) that resulted in no significant
weight differences between groups.

Eiffert et al (48) investigated the combined effects of aging,
exercise, and sucrose-rich diets on numbers of insulin receptors
and tyrosine kinase activity in 12-mo-old compared with 24-
mo-old Sprague-Dawley rats. They found greater effects from
sucrose (decreased sensitivity) or exercise (improved sensitiv-
ity) than from aging. Storlien et al (56) reported that when
insulin resistance was induced by a high-fructose or high-fat
diet, it could be completely ameliorated by administration of

TABLE 1
Changes in fasting insulin concentrations in animals given different amounts of sucrose and fructose
Carbohydrate Effect on
Duration of fasting insulin
Control Experimental dietary period Energy intake concentration Weight changes Reference
% of total

Starch Sucrose 4 wk 69 Increased Comparable 42
Starch Sucrose 8 wk 68 Increased Comparable 43
Starch, sucrose Sucrose 13 wk 66 Increased Comparable 4
Starch Sucrose 6 wk 65 Increased Comparable 45
Starch Sucrose 90-120d 63! Increased Comparable 46
Starch Sucrose 12 wk 54 Increased Higher gain® 47
Starch Sucrose 17-20 wk 33 Not studied Comparable 48
Glucose and starch Fructose 1 wk 66 Increased Lower gain in fructose group 49
Glucose Glucose 30d 34 Not studied Comparable 50
Glucose Glucose 20-28d 60 Increased Comparable 4
Starch Glucose 27 wk 69.5 Not studied Comparable 51
Starch, glucose Glucose 6 wk 62 Not studied Higher gain in glucose group 52
Glucose Glucose 4 wk 60 Not studied Not applicable 53

! Percentage by weight.
2 Higher weight gain in sucrose group fed ad libitum.
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TABLE 2
Summary of effects of specific carbohydrates on insulin sensitivity in animals
Dietary intervention’ expe?ilrlnr::::; ::ri od Results and comments Reference

Starch compared with sucrose (68%) 8 wk Sucrose decreased sensitivity as assessed by clamp 43

Starch compared with sucrose (69%) 4 wk Sucrose decreased sensitivity as assessed by clamp 42

Starch compared with sucrose (62-63%)° 90-120d Sucrose decreased sensitivity as assessed by clamp 46

Starch (66%) compared with sucrose (33%) 17-20 wk Decreased insulin receptor numbers in old, sucrose-fed rats 48

Decreased maximal tyrosine kinase activity in young, 48

sucrose-fed rats

Starch compared with sucrose (64%)’ 3 wk Decreased insulin sensitivity in sucrose group as assessed by 54
IST?

Starch (69%) compared with fructose (34%) 30d Decreased insulin sensitivity in fructose group as assessed by 50
clamp

Starch (60%) compared with fructose (66% or 33%) 7d Decreased insulin sensitivity in both fructose groups as 55
assessed by IST

Starch compared with sucrose (54%) 12 wk Insulin sensitivity of in vitro fat cells decreased in sucrose 47
group (more weight gain in ad libitum—fed rats on sucrose
diet)

Fructose compared with glucose (70%) 4 wk Less diaphragm glucose oxidation in fructose-fed rats 34

Starch (70%) compared with fructose (35%) 4 wk Fructose decreased insulin sensitivity as assessed by clamp 56
(less weight gain with fructose)

Starch (67%) compared with sucrose (67, 40, 33%) =100d Reduction of glucose uptake by the diaphragm in sucrose 57
groups, developing earlier with higher concentrations

Sucrose (66%) compared with starch, sucrose (47/19%) 13 wk Decreased sensitivity as assessed by clamp in sucrose group 4

Fructose compared with glucose (60%) 20-28d Fructose decreased insulin sensitivity as assessed by clamp 4

Fructose compared with glucose (60%) 4 wk Fructose decreased insulin sensitivity as assessed by 53

hyperinsulinemic, euglycemic clamp

! Percentage of energy in parentheses.
2 Insulin sensitivity test.
4 Composition by weight.

benfluorex (a hypolipidemic agent) in the high-fructose group
but only partly ameliorated in the high-fat group. Interestingly,
this corresponded with a return to normal triacylglycerol con-
centrations in the fructose group.

Raised triacylglycerol concentrations are often observed in
studies showing a striking association with dietary fructose or
sucrose concentrations (Table 3). However, the hypolipidemic
agent was also associated with a lower body mass in both the
high-fat and high-sucrose groups that was in turn related to a
reduced food intake during the first week of the study. Also
note that benfluorex was used to improve S; in patients with
NIDDM, although the precise mechanisms of this action are
not understood.

In one study, triacylglycerol concentrations correlated di-
rectly with insulin resistance (50). It remains uncertain whether
elevated triacylglycerol concentrations are involved in the de-
velopment of insulin resistance or whether hypertriglyceride-
mia is a result of decreased S;. Holness (58) fed a 52%-fructose
diet to rats for 10 d and found that although this diet induced
hypertriglyceridemia, in vitro insulin-stimulated glucose up-
take into skeletal muscle was not impaired. Holness therefore
concluded that if hypertriglyceridemia is involved in mediation
of the reduced S; associated with such diets, it is not an acute
effect of raised circulating triacylglycerol concentrations. More
consideration of the relation between hypertriglyceridemia and
insulin resistance is given later.

Studies in animals: conclusions

Three main conclusions may be drawn from the studies in
animals. First, increasing the content of sucrose in the diet to

> 60% (or of fructose to > 34%) decreases S;. Evidence for
effects at lower proportions is unclear. One study (48) found
that a 33%-sucrose diet had no effects on fasting insulin con-
centrations but observed decreased numbers of insulin recep-
tors in old sucrose-fed rats and decreased maximal tyrosine
kinase activity in young sucrose-fed rats. Second, the decreased
S; caused by sucrose diets is probably due to the fructose
component of sucrose. Third, hypertriglyceridemia in animals
is associated with sucrose- or fructose-induced insulin
resistance.

A potential confounding factor is the effect of fructose on
copper metabolism. Both fructose and sucrose decrease bio-
availability of copper. One group of investigators observed
repeatedly the ability of fructose or sucrose to cause or exac-
erbate copper deficiency in rats (59-62). A review by O’Dell
(63) concluded that high-fructose diets (60% of energy) reduce
copper availability or exacerbate copper deficiency in rats but
not in humans (at 20% of energy). Rizkalla et al (64) examined
the effects of fructose diets with adequate (12 ug Cu/g food) or
high (24 pg Cu/g food) amounts of copper (6 ug Cu/g is
normally considered sufficient). Fasting plasma insulin was
higher in the group consuming 12 ug Cu/g food but not in the
group consuming the high-copper diet. No further measure-
ment of S; was done in this study. Fields et al (65) reported an
interaction between copper deficiency and fructose that caused
impaired glucose tolerance but concluded that the impaired
tolerance was not a result of copper deficiency. Although
fructose can exacerbate copper deficiency, there is no firm
evidence that copper deficiency per se causes insulin resis-
tance. It seems unlikely that induced copper deficiency is a
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FIGURE 1. Effects on insulin sensitivity of starch compared with sucrose in a study by Storlien et al (42) (®) and of glucose compared with fructose

in a study by Thorburn et al (50) (D).

major mechanism by which fructose or sucrose mediates its
effects on S;.

Studies in humans

Evaluating the studies in humans is more difficult because
there is a much wider range of investigations to be considered.
Much of this work is related to either the pathogenesis of
NIDDM or development of an “ideal” diet for diabetic patients.
One particular point is the argument over the safety of fructose
in the diet fueled by the increasing consumption of this sugar,
particularly in the United States.

There are three main groups of studies. The first group
includes observational population-based studies that investi-
gated associations between diet, impaired glucose tolerance,
incidence of NIDDM, and other variables. The second group
includes experimental work that examined the effect of healthy

or idealized diets, eg, a high-starch, low-fat, high-fiber diet.
These studies provide only limited evidence as far as this
review is concerned because more than one dietary variable
was changed between the control and experimental groups. The
final area of research consists of studies in which there was a
deliberate alteration in the carbohydrate component of the diet
under controlled conditions. These provide some of the most
robust evidence.

Population-based studies

Population-based studies fall into two groups: prospective
studies with large cohorts conducted over long periods and
cross-sectional studies. Although an extensive amount of work
has been done on the relation between incidence of diabetes
mellitus and diet, few studies measured variables that reflect

TABLE 3

Plasma triacylglycerol concentrations in rats fed high-sucrose or high-fructose diets

Dietary group Control group Energy intake Effect on plasma triacylglycerol Reference

% of total
Sucrose Starch 68 Increased 43
Sucrose Starch 65 Increased 45
Fructose Starch 34 Increased. inverse correlation with change in 50
insulin sensitivity

Fructose Glucose 70 Increased 34
Fructose Starch 35 Increased 56
Fructose Starch 69.5 No difference after 23 wk, elevated 2 wk S1
Fructose Starch and glucose 62 Increased’ 52

" Increased weight gain during glucose diet.
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S—let alone measuring sensitivity directly—and this approach
will not be considered further here.

Two cross-sectional studies deserve consideration: the inves-
tigation of the relation between diet and hyperinsulinemia in
South Asian and white men in an area of London (66) and the
study by Lovejoy and DiGirolamo (67) that looked specifically
at S; by using FSIGT tests in lean and obese individuals for
whom dietary intakes were estimated. The study of South
Asian and white men sought to identify dietary factors that
might explain the different incidences of NIDDM and cardio-
vascular disease in the indigenous white population and the
population of South Asian origin. Dietary assessments using
the 7-d weighed-food method were carried out in 173 subjects
in whom insulin concentrations were measured during fasting
and 2 h after a glucose load. Regression analyses controlling
for age and ethnicity showed that insulin concentrations 2 h
after a glucose load correlated positively with carbohydrate
intake, with a stronger correlation for sucrose than for starch.
The same pattern was observed for fasting insulin concentra-
tions although the correlations were weaker. However, no
dietary factor explained the differences between the ethnic
groups in incidence of NIDDM and cardiovascular disease.

Lovejoy and DiGirolamo (67) investigated habitual dietary
intake and S; in 22 lean and 23 obese adults. Dietary assess-
ment consisted of retrospective administration of a food-
frequency questionnaire; S; was measured by FSIGT tests. The
index of S correlated inversely with fat intake but positively
with dietary fiber intake. When body mass index (BMI) was
controlled for, the effects were no longer significant but the
regression coefficients from before and after control for BMI
remained within 1 SD; the authors concluded that the effect
was not mediated entirely by BMI. Food-frequency question-
naires, however, have limited precision in estimating nutrient
intakes of individuals and are more appropriately used with
larger numbers of subjects (35). The study in South Asian and
white men used the 7-d weighed-food assessment in a larger
number of subjects, which is a more robust method for a study
of this size. In summary, the strongest evidence that a high

sucrose intake correlates with any variables likely to reflect
insulin resistance was provided by the correlation with post-
prandial and fasting insulin concentrations in the study of
South Asian and white men in London.

Experimental studies: multicomponent dietary interventions

Many studies examined the effects of low-fat, high-carbo-
hydrate diets in healthy and diabetic individuals (Table 4).
Two studies (68, 69) showed a clear improvement in subjects
consuming a high-carbohydrate diet whereas other studies were
inconclusive (70-73). The type of design used in these studies,
however, does not permit independent conclusions to be drawn
regarding the effect of type of dietary carbohydrate. The pos-
itive effects on S; in two of the studies may have resulted from
the lowered dietary fat intake.

Controlled studies of altered dietary carbohydrate intake

Studies that examined the effects of varying the intake of
different carbohydrates while keeping other dietary variables
constant merit a more detailed assessment. The designs and
results of these studies are summarized in Table 5 (74-85).
The first three studies (74-76), which were conducted by the
same group, focused on subjects with hypertriglyceridemia and
hyperinsulinemia, used larger numbers of subjects than did any
of the other studies (= 24), and generally tested the diets for
longer periods.

Reiser et al (74) investigated effects of diets in which 30% of
total dietary energy was provided by sucrose or starch and 43%
by carbohydrate. When subjects consumed the high-sucrose
diet, fasting insulin concentrations and insulin-glucose ratios in
response to a sucrose load were higher than when they con-
sumed the starch-rich diet. The effect was greater in subjects
who were hypertriglyceridemic. The second study by Reiser et
al (75) used different sucrose intakes in a group of subjects who
were all hyperinsulinemic and found similar results: a rise in
fasting insulin concentrations corresponding with an increase
in sucrose intake. The next step was to see whether fructose

TABLE 4
Human studies—generalized dietary intervention
Dietary intervention Duration 9f Subject group Methods used Results Reference
dietary period
High carbohydrate, high fiber 21-28d Healthy (n = 6 Euglycemic clamp Sensitivity increased with 68
(68% carbohydrate compared young and 6 old) high-carbohydrate diet
with control (free choice—
43% carbohydrate)
85% carbohydrate compared 3-5d Healthy (n = 8 FSIGT with minimal Sensitivity increased with 69
with 30% carbohydrate young and 10 old) model analysis high-carbohydrate diet
Substitution of complex 5-7 wk Obese with NIDDM and obese Modified IVGTT with IV No difference detected 70
carbohydrate for saturated fat healthy with comparisons tolbutamide. Glycemic
between whites and Pima clamp with arginine
Indians (n = <12 per group)
High carbohydrate compared 3wk Healthy (n = 8) Euglycemic clamp No difference detected 7
with high fat
60% carbohydrate compared 21d NIDDM, diet-controlled only Euglycemic clamp No difference detected 72
with 30% carbohydrate (n=28)
60% carbohydrate with or 12 wk Impaired glucose tolerance Euglycemic clamp Minor improvement in 73

without exercise

(n = 10 per group)

sensitivity in both groups

NIDDM, non-insulin-dependent diabetes mellitus; FSIGT, frequently sampled intravenous-glucose-tolerance test; IVGTT, intravenous-glucose-tolerance

test.
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TABLE §

Human studies—effects of sugars compared with starch on insulin sensitivity

Design and

Change in basal insulin

Dietary intervention reference Time period Subject group concentrations Insulin sensitivity
Isoenergetic exchange of Crossover (74) 6wk  Healthy, with subgroup with Greater in sucrose group —
sucrose for starch at 30% hypertriglyceridemia
of energy (n=19)
Sucrose at 5%, 18%, and Crossover (75) 6wk  Hyperinsulinemia (n = 24) Increased as sucrose content —_
33% of energy rose
Fructose at 0%, 7%, and Crossover (76) Swk  Healthy with subgroup with NS, but increased —

15% of energy

hyperinsulinemia (n = 23)  postprandial insulin

Addition of 250 g fructose Case control (77) 1wk Healthy (n = 7) No change from basal 25% fall in fructose group as
or glucose assessed by IVITT/
Fructose substituted for 24% Single factor (78) 2wk NIDDM (n = 7) NS —_
of the carbohydrate, ie,
13.2%
Fructose substituted for 20% Crossover (79) >2wk  Hypertriglyceridemia with or NS —
of carbohydrate during without NIDDM
45%- or 85%- (n=06)
carbohydrate diet
Fructose substituted for 20% Crossover (80) 4wk NIDDM (n = 10) Increased sensitivity in
starch fructose group as assessed
by euglycemic clamp
Fructose at 13% Single factor (81) 3mo NIDDM (n = 6) NS No change during
euglycemic clamp
Sucrose (32%) for starch at Crossover (82) 4wk  Healthy (n = 9) NS —
70% of energy
Replacement of 45 g starch Crossover (83) 6wk NIDDM or IDDM (n = 12 NS —
with sucrose of each)
Exchange of starch and Crossover (84) 14d  Healthy (n = 9) NS —
sucrose at 23% of energy
Low glycemic compared Crossover (85) 28d Healthy men (n = 7) NS Decreased insulin sensitivity
with high glycemic (25% with low-glycemic diet
sucrose compared with
1% sucrose)

" IVITT, intravenous-insulin-tolerance test.

might be responsible for these effects. Hallfrisch et al (76)
found increased insulin and glucose responses to a sucrose load
in subjects consuming 15% of dietary energy as fructose (com-
parable with a 30%-sucrose diet in terms of its fructose con-
tent) compared with a starch-rich control diet, but there was no
change in fasting insulin concentrations. None of these studies
used specific assessments of ).

Beck-Nielsen et al (77), using an insulin tolerance test, found
a 25% decrease in S in a fructose-supplemented group com-
pared with a glucose-supplemented group. They also found that
insulin binding to monocytes was decreased in the fructose
group, thereby offering a possible mechanism for the change.
However, both diets in the study were hyperenergetic because
4.2 MJ sugar was consumed in addition to the subjects’ normal
diets. Additionally, the groups were quite small (» = 7) for a
study that did not have a crossover design. Although it could be
argued that the small size of the study was a weakness, smaller
studies generally show no effect and the observation of a
significant difference in such a small study was likely to be
valid. The only problem would be if there was a bias in
assignment of subjects to the two experimental groups; how-
ever, nothing in the experimental design indicated that this
occurred.

Two studies done at the Beltsville Human Nutrition Re-
search Center (74, 75) that produced results consistent with

those of studies in animals provided the most convincing
evidence that high intakes of sucrose compared with starch
impair S;. This concept is supported by a third study (76) that
showed an increased insulin response to a sucrose load after a
15%-fructose diet.

In contrast with these studies, Koivisto and Yki-Jarvinen
(80), in a study of patients with NIDDM, found that increasing
fructose intake produced a 34% improvement in S; measured
by euglycemic clamping. This study used a randomized, dou-
ble-blind, placebo-controlled crossover design with subjects
consuming each diet for 4 wk and a 4-wk washout period.
During both dietary periods, the patients lived in a hospital
environment. We have two comments about this study. The
amount of fructose used was relatively low (=~10% of total
energy replacing 20% of dietary starch) and the experimental
group consisted of patients with NIDDM, 7 of 10 of whom had
their condition controlled with oral hypoglycemic agents.

The recent study by Kiens and Richter (85) compared low-
glycemic and high-glycemic diets that provided a 25%- and
1%-sucrose diet, respectively, in young healthy males. Using
two-step euglycemic clamping, the researchers found a de-
creased glucose uptake in subjects consuming the diet with a
low glycemic index but only during the stage of clamping in
which high-dose insulin was infused.
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The main aim of many of these studies was not to examine
the effect of fructose on S; but to determine whether diabetic
patients may consume small amounts of fructose safely. This
leads to certain problems in interpreting the data and extrapo-
lating results to the general population. In diabetic patients
treated with oral hypoglycemic agents, certain agents may have
stimulated insulin secretion and this might have offset any
adverse effect induced by the experimental diet. NIDDM is
thought to be a heterogeneous disease and, especially in view
of the potential susceptibility to dietary intervention of subjects
with hypertriglyceridemia (which applies to many patients with
NIDDM), results in different populations of patients with
NIDDM may be quite different.

All the remaining studies in this section found no effect of
diet. Among the studies of sucrose, an early study by Dunnigan
et al (82) that compared a 32%-sucrose diet with a sucrose-free
diet found no change in fasting insulin concentrations despite 4
wk of consumption of each diet. There was no washout period
between the diets and, although the diets were consumed in
random order, effects from the diet consumed first may have
affected results with the second diet. A reasonable degree of
compliance was ensured because all patients remained in the
hospital throughout the study. Similarly, Mann and Truswell
(84) found no changes in fasting insulin concentrations during
consumption of a 23%-sucrose diet for 2 wk. Although none of
the subjects had diabetes, they were inpatients with chronic
neurologic problems and therefore may not have been entirely
representative of the population at large.

The remaining three studies examined changes in fructose
intake in diabetic patients. Crapo et al (78) found no change in
fasting insulin concentrations in seven patients with NIDDM
(not taking oral hypoglycemic agents) who used fructose as a
sweetener in an amount fixed at 13.2% of total energy (replac-
ing 24% of total carbohydrate) but there was a 13% increase in
blood triacylglycerol concentrations in those who were initially
hypertriglyceridemic. Turner et al (79) measured triacylglyc-
erol turnover and glucoregulatory hormones in subjects with
hypertriglyceridemia and found no changes during consump-
tion of either a 45%-carbohydrate diet (9% fructose) or a
fat-free, 85%-carbohydrate diet (17% fructose) over 2 wk com-
pared with a 45%- or 85%-starch diet. Finally, the second of
the three studies to use a euglycemic clamp in this group found
no effects on S; of a 13%-fructose diet consumed for 3 mo in
which fructose replaced sucrose (81). However, one subject
was withdrawn from the study after becoming severely hyper-
triglyceridemic, leaving only five subjects. None were taking
oral hypoglycemic agents.

Studies in humans: summary

In summary, one study (80) found a positive effect of high
fructose consumption on S; assessed by euglycemic clamping
and one (85) found a positive effect of a diet with a high
glycemic index (25% sucrose) in healthy young men. Most of
the other studies, which found no effect, had fairly low num-
bers of subjects and most studied patients with NIDDM. The
strongest evidence indicating an adverse effect of fructose-rich
or sucrose-rich diets (reflected by raised fasting or postprandial
insulin concentrations) was provided by the work at the Belts-
ville Human Nutrition Research Center (74-76). The only
study that found an adverse effect of fructose by using further

assessments of S, ie, an intravenous-insulin-tolerance test,
used a hyperenergetic diet (77).

These conflicting results have several possible explanations.
First, the proportions of sugars used were much smaller than
those in the studies in animals, most of which found an effect
when sucrose contributed = 50% of dietary energy. Second,
laboratory rats are much more uniform genetically than are
humans, in whom it is more difficult to detect an effect because
of heterogeneity of responses. Third, dietary compliance can-
not be assumed in studies in humans, except possibly in inves-
tigations in which patients are hospitalized throughout the
study. Several studies relied simply on providing some meals
under supervision and monitoring body weight over the trial
period. Fourth, different subject groups may respond in differ-
ent ways to dietary intervention. This is exemplified by the
contrasting results of the study at the Copenhagen Muscle
Research Center (85), which enrolled young active men, and
the Beltsville studies (74-76), which enrolled hyperinsulinemic
subjects.

DISCUSSION

The substantial differences in experimental design between
the studies in humans and those in animals preclude simple
pooling of results. Instead, we examined two conclusions from
the experiments in animals and ascertained the extent to which
they were supported by data from studies in humans. The first
conclusion was that sucrose-rich diets decrease S;. The studies
in animals provide strong support for this statement from
several well-designed studies that used euglycemic clamps to
assess ;. The studies in humans that used euglycemic clamps
(and in which other dietary variables were constant) either
showed no effect or, on two occasions, showed improved S; but
with much lower dietary concentrations of sucrose or fructose.
Using the insulin tolerance test, one study found a 25% de-
crease in S;. However, this study used hyperenergetic diets in
which 4.2 MJ fructose was added to the subjects’ normal diets.
The only other positive evidence in favor of this conclusion
were the raised fasting insulin or postsucrose-load insulin con-
centrations (74-76).

The studies in animals provide unambiguous evidence for
the second conclusion, ie, that fructose is responsible for the
adverse effect of sucrose on S; (Figure 1). There is limited
supporting evidence for this conclusion from the Beltsville
studies in humans, which found that fasting or postprandial-
load insulin concentrations were increased during both sucrose-
rich and fructose-rich diets.

Importance of hypertriglyceridemia

An interesting result from the Beltsville studies (74-76) was
the particular sensitivity to type of dietary carbohydrate in
subjects with hypertriglyceridemia and hyperinsulinemia. Two
other papers from this center (86, 87) reported effects on blood
lipid concentrations of varying the proportions of dietary en-
ergy provided by sucrose (5%, 18%, and 33%) and fructose
(0%, 7%, and 15%). Raised triacylglycerol concentrations ac-
companied elevated insulin concentrations during the diet with
the highest proportion of sucrose. In the study of the fructose-
rich diets, raised blood triacylglycerol concentrations were
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found only in subjects with initially raised fasting insulin
concentrations.

Some of the strongest evidence from studies in humans
was provided by Liu et al (88), who found that as the sucrose
content of the diet increased, plasma triacylglycerol concen-
trations [predominantly very-low-density-lipoprotein triac-
ylglycerol (VLDL-TG)] increased in parallel and that these
changes were associated with increased fasting insulin con-
centrations. A study by Turner et al (79) that found no
effects of diet on insulin concentrations observed a 13%
increase in triacylglycerol concentrations in subjects who
were already hypertriglyceridemic. Thorburn et al (81) had
to exclude one of their six subjects part way through the
study because his fasting insulin concentration increased
from an initial value of 50 to 294 pmol/L; this subject’s
initial triacylglycerol concentrations were twice those in any
other subject. One might tentatively conclude that for car-
bohydrate-sensitive individuals (those with hypertriglyceri-
demia and hyperinsulinemia), diets that provide = 30% of
dietary energy as sucrose and fructose-rich diets (= 15%)
may decrease S; and exacerbate hypertriglyceridemia.

Hypertriglyceridemia has long been known to be associated
with insulin resistance in syndrome X or type IV hyperlipid-
emia (89). It is not clear, however, whether hypertriglyceride-
mia is caused by increased insulin resistance or insulin resis-
tance is caused by hypertriglyceridemia. Mechanisms exist to
explain both possibilities. Hypertriglyceridemia has the poten-
tial to cause insulin resistance by means of the glucose-fatty
acid cycle by increasing fatty acid flux to the muscle and liver
(90). The main mechanism by which insulin resistance could
induce hypertriglyceridemia has been proposed to be hepatic
insulin resistance to the inhibitory effect of insulin on
VLDL-TG secretion. Furthermore, the inhibitory effect of in-
sulin on fatty acid mobilization is reduced with insulin resis-
tance, leading to increased flux of nonesterified fatty acids to
both muscle and liver. Increased flux of fatty acids to the liver
is likely to lead to a further increase in secretion of VLDL (91,
92). Studies in three areas have examined the causal relation
between insulin resistance and hypertriglyceridemia.

First, there are situations in which isolated hypertriglyceri-
demia exists. Mice transgenic for the human apolipoprotein
C-III gene were profoundly hypertriglyceridemic yet had no
changes in whole-body glucose disposal (93). This suggests
clearly that hypertriglyceridemia is not the primary defect.
However, this model of hyperlipidemia is the result of impaired
VLDL clearance rather than enhanced secretion. A 1982 study
in rats of the mechanisms of fructose-induced insulin resistance
found increased VLDL secretion (94). This relatively early
study concluded that fructose-induced hypertriglyceridemia
was produced by a combination of two factors: a direct effect
of fructose in increases in hepatic VLDL secretion and a
secondary effect of resistance to the insulin-inhibitory effect on
hepatic VLDL secretion. In contrast with results of studies in
transgenic mice, a study of lean hypertriglyceridemic humans
found that they were insulin resistant (89).

A second line of evidence is the effect of hypolipidemic
agents on S;. Storlien et al (56) examined syndromes of insulin
resistance induced in rats by either high-fat or high-sucrose
diets and found raised muscle triacylglycerol concentrations in
rats that consumed a high-fat diet and raised circulating triac-
ylglycerol concentrations in the fructose group. When each

group was treated with benfluorex, a hypolipidemic agent,
insulin resistance was overcome completely in the fructose
group (and was associated with a return to normal triacylglyc-
erol concentrations) but was only partly ameliorated in the
high-fat group. Some researchers noted a potential for im-
provement of §; in hypertriglyceridemic patients (95, 96) but
others found no effect on S; despite an improvement in lipid
profiles in patients with NIDDM (97) and people with mild
hypertriglyceridemia (98).

A third approach is the artificial induction of hypertriglyc-
eridemia. Laville et al (99) used a combination of three-step
euglycemic clamping, di-deuterated glucose, and ['*C]palmi-
tate infusions together with indirect calorimetry and breath
sampling for '>C enrichment to investigate the effects of infu-
sion of an emulsion of triacylglycerols. Infusion resulted in a
fivefold increase in plasma triacylglycerols, impairment of S,
both peripherally and for hepatic glucose production, and an
increase in lipid oxidation.

On balance, there is conflicting evidence with regard to the
causal relation between insulin resistance and hypertriglyceri-
demia. Indeed, the coexistence of the two mechanisms may
explain some of the observed discrepancies in the literature.
With regard to the more specific situation of hypertriglyceri-
demia associated with fructose- or sucrose-induced insulin
resistance, however, evidence that hypertriglyceridemia is a
cause of insulin resistance is provided by the study of Storlien
et al (56). In that study, fructose-induced insulin resistance was
completely ameliorated by administration of benfluorex, a hy-
polipidemic agent, and this change was associated with nor-
malization of triacylglycerol concentrations.

Clinical implications in the healthy population

If dietary sucrose has an adverse effect on S, this effect may
occur only at high intakes, ie, = 30% of total energy intake. It
might be argued that because the average consumption of
sucrose is much lower than this in most populations, the
phenomenon has little practical importance. A small proportion
of the population, however, consumes well above the average
amount. The 1990 UK national dietary and nutritional survey
(100) provided information on daily intakes of nonmilk extrin-
sic sugars (predominantly sucrose) (Figure 2). A considerable
proportion of people had high intakes; some consumed > 30%
of total energy in the form of nonmilk extrinsic sugars. Addi-
tionally, a substantial number of apparently healthy people are
hyperinsulinemic or have an exaggerated insulin response to
glucose and appear to be more sensitive to dietary change. If it
is established that impaired S; occurs in these individuals if
they have high sucrose intakes, they may benefit specifically
from advice to reduce sucrose intakes.

This review has pointed to fructose as the culpable moiety of
sucrose in potentially decreasing S;. Fructose is marketed as a
healthy fruit sugar and is consumed by people trying to lose
weight and patients with diabetes. In the United States con-
sumption of fructose, particularly in the form of high-fructose
corn sweeteners, has risen steadily since the late 1960s (101).
There is a need for continued monitoring of intakes of sucrose
and fructose and further investigation of the health of those
with high intakes of either sugar.
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FIGURE 2. Daily intake of nonmilk sugars as a percentage of total daily energy intake in the United Kingdom. Crown copyright is reproduced with

the permission of the Controller of Her Majesty’s Stationery Office (100).

Clinical implications in specific clinical groups

Individuals with hypertriglyceridemia, hyperinsulinemia, or
both may be more sensitive than others to any harmful effect of
high intakes of fructose or sucrose. For such people there is a
particular need for sound evidence on which to base advice on
consumption of these sugars. Existing evidence comes largely
from studies at one center (74-76) but the strength of evidence
from well-designed studies suggests that this is a real problem
and should promote further investigations of this important
area.

Arguments over the effects of sucrose and fructose in diets of
people with diabetes, which were perhaps strongest in the
middle-to-late 1980s, have continued. Indeed, it was this con-
troversy that inspired many studies discussed in this review.
The arguments against including sucrose in diets of diabetic
patients were summarized in 1986 by Hollenbeck et al (102) in
a strongly worded article. The Beltsville Human Nutrition
Research Center showed a particular sensitivity to alterations in
dietary intakes of carbohydrates by subjects with hyperinsulin-
emia. Given that people with syndrome X invariably have
fasting hyperinsulinemia, it will be necessary to establish
whether they are more sensitive to the deleterious effects of
fructose or sucrose on .

Research implications

Many questions remain to be answered. It is now widely
accepted that the risk of cardiovascular disease and some
cancers in Western societies may be reduced by decreasing
intakes of dietary fat (103, 104). If energy intakes are not to
fall, the energy from carbohydrates must be increased propor-
tionally. From the perspective of §;, it remains to be proved
whether there are specific advantages in supplying this extra
energy as starch rather than sugars. The dietary amounts at
which fructose or sucrose affect S; in healthy subjects and
well-defined clinical groups need to be established by using
reliable techniques, such as euglycemic or hyperinsulinemic
clamping or the modified insulin tolerance test.

The long-term effects of these dietary interventions are un-
known. It is essential to ascertain whether individuals adapt to
high intakes of these sugars with an increase or loss of detri-

mental effects. The influence of quantitatively smaller carbo-
hydrate dietary components, eg, indigestible oligosaccharides
(105) and nonstarch polysaccharides, on S, has been little
studied. Given that potential health benefits (particularly with
respect to large bowel disease) appear to be associated with
consumption of these carbohydrates and that intakes may rise,
there is a need to investigate both their beneficial and adverse
effects on S;. Finally, because studies in animals and some
studies in humans found changes in VLDL-TGs, establishment
of a model of carbohydrate-induced insulin resistance
with associated hypertriglyceridemia may provide clues to
the underlying abnormalities in diabetes mellitus and
syndrome X.
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