Diabetologia (1996) 39: 621-631

Review

Dietary fats and insulin action

Diabetologia

© Springer-Verlag 1996

L.H. Storlien!, L. A. Baur?, A.D. Kriketos?, D. A. Pan'?, G.J. Cooney?, A. B. Jenkins', G.D. Calvert’, L. V. Campbell*

! Department of Biomedical Science, University of Wollongong, New South Wales, Australia

2 Department of Endocrinology, Royal Prince Alfred Hospital, Sydney, Australia

3 Medical Research Unit, Tllawarra Regional Hospital and University of Wollongong, New South Wales, Australia
* Diabetes Center, St. Vincent’s Hospital, New South Wales, Australia

Background

The history of research into the relationship between
dietary fat intake and impaired insulin action has its
origin in the work of Himsworth approximately
60 years ago [1, 2]. In a series of pioneering studies
using crude indices of insulin action and limited sub-
ject numbers (only one in an often quoted paper!),
Himsworth linked high levels of fat intake with insu-
lin resistance, and conversely, improved insulin ac-
tion with predominantly carbohydrate diet. However,
the link was tenuous and really apparent only at the
extreme ends of the dietary spectrum (<20
or > 80 % of calories as fat).

These studies, flawed as they were, influenced the
field enormously in the absence of any significant
work in the area for a remarkable period of time.
The conclusions reached by Himsworth were rein-
forced to some extent by misuse of glucose tolerance
data that showed deteriorations following periods on
diets extremely low in carbohydrate (<50 g/day)
and improvement on liquid formula diets providing
a remarkably high percentage (75-85 %) of calories
from carbohydrate [3-5]. It was really not until the
1980s that the development of acceptable techniques
for the measurement of insulin action in vivo allowed
the relationship between dietary fat intake and insu-
lin action to be accurately assessed. These studies
have essentially been confined to investigations in ro-
dents and humans.
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Dietary fat and insulin action in rodents

In rodent studies, the results are relatively straightfor-
ward. Initial studies investigated insulin action in
vitro in adipocytes and isolated skeletal muscles [6—
8]. High fat feeding consistently impaired insulin-
stimulated glucose uptake in both fat and more im-
portantly muscle, the major tissue determining insu-
lin-stimulated glucose uptake. The mechanism(s) un-
derlying these observations were not definitively elu-
cidated, although a number of observations were
made. For example, Felber and co-workers [9, 10] no-
ted a major increase in stored triglyceride in muscle
from high fat fed rats and increased lipid availability
should, via the mechanism of the glucose/fatty acid
cycle of Randle and co-workers [11, 12], impair glu-
cose utilisation. Consistent with this, early reports [9]
indicated impaired activation of the pyruvate dehy-
drogenase complex, thought to be rate-limiting for
glucose oxidation. However, the results vary between
tissues and there is a question regarding any impair-
ment in skeletal muscle [13]. Other relevant observa-
tions were of decreased binding of insulin to its recep-
tor and impairment of the ensuing activation of ty-
rosine kinase [14], although that effect may well be
dietary fat-type specific [15]. Certainly there is evi-
dence for impaired glucose transport [8] possibly
due to reduced amounts of the insulin-regulable glu-
cose transporter GLUT4 in very high fat diets ([16,
17]; cf. below); and reduced proportion of glycogen
synthase in the I (or active) form in skeletal muscle
[18] consistent with the observation of a defect in glu-
cose storage as glycogen.

These largely in vitro studies were followed up in
vivo using the hyperinsulinaemic, euglycaemic clamp
technique. Initial studies compared high fat and high
carbohydrate diets [19, 20]. Even when the diets
were fed in equicaloric amounts, insulin action at the
whole-body level deteriorated markedly within a
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short (34 weeks) period on the high fat diet. Further,
combining the clamp procedure with tracer doses of
labelled glucose and the non-metabolisable glucose
analogue 2-deoxy-p-glucose (which is taken up into
tissues in competition with glucose, phosphorylated
and trapped [21]) allowed insulin action to be as-
sessed in individual tissues including liver and the im-
portant skeletal muscles. These studies showed the in-
sulin resistance to occur firstly in the liver within a
very short period of time (3 days; [22]) followed by
widespread impairment in insulin action in a range
of skeletal muscles and in white and brown adipose
tissue by 3 weeks. These effects on insulin action oc-
curred in combination with a relative reduction in
metabolic rate and accumulation of body fat in the
high fat fed rats despite equicaloric feeding [19].

As well as these dietary manipulations in adult
rats, workers from Girard’s group in Paris [23] inves-
tigated the transition from the high fat diet of suck-
ling to a high carbohydrate diet of laboratory chow.
Here the insulin-resistant suckling rat becomes insu-
lin sensitive; however, if weaned on to a high fat
diet, insulin resistance persists. These observations
were straightforward. However, an interesting wrin-
kle appeared when attention was directed to the
type of fat that made up the high fat diet [24, 25].
These studies were prompted by the observations of
the hypotriglyceridaemic properties of omega-3 (w-3
or n-3) fatty acids [26]. Given the excess accumula-
tion of adipose tissue with high fat diets predomi-
nantly of the omega-6 (w-6 or n-6) type [19], and the
known glucose/lipid interactions embodied in the glu-
cose-fatty acid cycle of Randle and co-workers [11,
12], it was proposed that inclusion of n-3 fatty acids
in the high fat diet may be beneficial. Indeed that
was the observation. Insulin resistance in both the li-
ver and skeletal muscles was prevented; the benefi-
cial effects in the latter tissues being an improvement
in both oxidative and storage components of insulin-
stimulated glucose disposal [24]. This latter observa-
tion was suggestive of either multiple defects or a sin-
gle defect at an early, common point in the glucose
metabolic pathway, perhaps at the membrane level.

Follow-up work was aimed at extending the in vi-
tro work in terms of elucidating mechanisms. An ex-
tensive study was carried out comparing a number of
high fat diets which were pair-fed and differed only
in the fatty acid profile of the fat components [25].
The results demonstrated marked intergroup differ-
ences in insulin-stimulated glucose metabolism when
assessed using the euglycaemic clamp. Some high fat
fed groups progressed to major insulin resistance
and others did not. The effects were particularly pro-
nounced in skeletal muscle. Two variables were close-
ly associated with development of muscle insulin
resistance: 1) accumulation of storage lipid, consis-
tent with the glucose/fatty acid cycle of Randle; and
2) a relative reduction in the percentage of highly
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unsaturated n-3 fatty acids in muscle membrane
structural lipid (see Figs. 4 and 5 of [25]). In a further
attempt to provide mechanistic information,
GLUT4 mRNA levels were determined in skeletal
muscle across the range of dietary groups [27]. While
no differences were observed despite a fourfold range
in insulin action, more recent data from transgenic
mice indicate increases in GLUTH4 levels can prevent
the impairment in glycaemic contro!l induced by a
high fat (safflower oil) diet [28]. Taken together these
latter two studies might suggest that feeding high lev-
els of some, but not all, types of fats might impair ei-
ther the translocation or intrinsic activity of glucose
transporters [29].

Dietary fat and insulin action in humans

The work at that stage then prompted an assessment
of how these results might relate to those available
regarding the effects of diets relatively high in fat on
whole-body, and in particular muscle, insulin action
in humans. The influence of the fatty acid profile was
also examined. While there is literature on diet and
glucose tolerance, it is complicated by alterations in
insulin secretion (particularly important when diet-
ary fat subtypes are considered [30]) and analysis
was restricted to studies which had employed cur-
rently acceptable techniques for the in vivo assess-
ment of insulin action. The results were surprising
[31]. Essentially, there were remarkably few studies
which had actually compared high fat, low carbohy-
drate and lower fat, high carbohydrate (as per the
current recommendations) diets. Even in the few
studies we could identify [32-37], the results were
equivocal with no clear conclusion possible. More re-
cent studies again provide no clear direction, with
one actually showing poorer whole-body insulin ac-
tion with a high carbohydrate, compared to a higher
fat, diet [38].

Short-term dietary interventions aimed at chang-
ing the type of fat, usually with fish oil supplements
to increase the proportion of highly unsaturated n-3
fatty acids, have not shown as dramatic a result as
might have been predicted from the rat studies. Al-
though positive results have been obtained in two in-
vestigations using fish oil supplements [39, 40], there
were relatively modest improvements in insulin ac-
tion. Balanced against these results are two negative
studies [41, 42] which showed no change af ail in insu-
lin action. One further positive study showed im-
proved insulin action where the manipulation was an
increase in the polyunsaturated to saturated fat ratio

43].

[ g)verallj one would have to conclude that the evi-
dence for changes in insulin action in humans with
short-term manipulation of dietary fat amount and
type is very limited and entirely inconclusive.
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Epidemiological, prospective and cross-sectional
studies in humans

In contrast to these relatively short-term intervention
studies, there is now accumulating evidence from
cross-sectional and epidemiological studies which ap-
pear to link a higher fat, and particularly saturated
fat, intake with insulin resistance (albeit measured in-
directly) and progression to glucose intolerance and
diabetes. A study from Lovejoy and DiGirolamo
[44] used the frequently sampled intravenous glucose
tolerance test (FSIGT) to calculate an insulin sensi-
tivity index (S;) in 45 lean and obese glucose-tolerant
subjects. A food frequency questionnaire assessing
habitual food intake was used. They were able then
to show a significant (r = -0.41, p = 0.01) relationship
between log S; and percentage total dietary fat (no
better relationships being observed with any subtype
of fat). However, when S; was adjusted for body
mass index (BMI), then the percentage dietary fat
was no longer a significant, independent predictor.
The other studies available relating dietary fat and
insulin action have relied on more indirect measures
of insulin action. Parker and co-workers [45] studied
a large group of middle aged to elderly men and
found significant positive correlations between per-
centage of total fat and percentage of saturated fat
with both fasting and prandial insulin levels. These re-
lationships remained significant even after adjust-
ment for measures of adiposity. These results were
similar to those found by Mayer and colleagues [46]
in the Kaiser Permanente Women Twins Study. Again
there was a significant positive relationship between
both percentage of total and saturated fats and fast-
ing insulin. In this study percentage of monounsatu-
rated and percentage of polyunsaturated were also
significantly related to fasting insulin, although all
fat subtypes dropped out after adjustment for total
fat. Interestingly in the monozygotic twins, total di-
etary fat was not significantly related to fasting insu-
lin if adjustment was made for measures of adiposity
[46] although this may reflect relatively small num-
bers of subjects. Finally, in this study it is important
to note the authors’ comment that, “the positive asso-
ciation of fasting insulin concentrations with dietary
fat was significantly attenuated among relatively ac-
tive women compared with sedentary women”. The
ability of physical activity to ameliorate high fat feed-
ing induced insulin resistance has been noted previ-
ously in animal studies [47] and it will be important
to understand these interactions in humans.
Investigators in two major epidemiological studies
have reported on the relationships between measures
of insulin resistance and dietary fat. Marshall, report-
ing for the San Luis Valley study [48], has shown that
percentage of dietary fat intake was higher in glu-
cose intolerant and non-insulin-dependent diabetic
(NIDDM) individuals compared to BMI-matched
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control subjects. Further, in an interesting variation
[49], Marshall followed 123 glucose-intolerant indi-
viduals for 1 to 3 years. In that time 60 subjects re-
verted to normal glucose tolerance, 43 remained glu-
cose intolerant and 20 converted to overt NIDDM.
Intake of total fat, saturated fat, and monounsatu-
rated fats (but not polyunsaturated fat) was associ-
ated with an increasingly poor outcome (i. e. remain-
ing glucose intolerant or, worse still, progressing to
NIDDM) even when adjusted for age, sex and ethnic-
ity.

The other major epidemiological study is the Zut-
phen Elderly Study. Feskens and co-workers initially
reported that the percentage of saturated fat intake
was positively related to glucose intolerance and fast-
ing glucose levels [50]. This group has now investi-
gated relationships between dietary variables and in-
dices of hyperinsulinaemia including fasting C-pep-
tide levels and the area under the insulin curve fol-
lowing an oral glucose load. It is particularly interest-
ing that they have found a significant relationship be-
tween measures of percentage of total dietary fat and
fasting C-peptide. Further, the percentage of satu-
rated dietary fat was even more highly related to
both C-peptide levels and to the area under the insu-
lin curve. In contrast, there was a negative relation-
ship between percent polyunsaturated dietary fat in-
take and the area under the insulin curve (i.e. the
more polyunsaturates, the lower insulin levels in re-
sponse to a glucose load). In this study, the polyunsat-
urated fats were not subdivided into n-6 and n-3s but
this research group has previously shown a protective
effect of fish intake, and thus presumably elevated n-3
levels in the diet, against the tendency to develop glu-
cose intolerance [51].

Finally, in an interesting study, the fatty acid pro-
file of serum cholesterol esters was related to risk of
developing NIDDM at a 10-year follow-up [52]. Cho-
lesterol ester fatty acid profile is thought to reflect di-
etary fatty acid profile over a relatively long period
(at least weeks). This study showed increases in satu-
rated fatty acids and a decrease in linoleic fatty acid
in the serum cholesterol esters of those who devel-
oped NIDDM, compared to those who did not. The
authors suggest that the lower level of linoleic fatty
acid may reflect lower vegetable fat intake. In this re-
gard the study by Colditz et al. [53] also showed a
modest, but significant, relationship between in-
creased vegetable fat intake (by dietary analysis)
and development of NIDDM in a 6-year follow-up
of over 80 000 women.

It is noteworthy that in a number of the studies just
discussed, a higher percentage of monounsaturated
fats was associated with increasing adiposity and indi-
ces of insulin resistance. Focus in the diabetes litera-
ture has been on major beneficial effects in short-
term trials [54, 55] and these results are consistent
with the low rates of diabetes in areas with a high
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intake of olive oil. However, the epidemiological and
cross-sectional literature from North America and
Europe show positive relationships between the per-
centage of monounsaturated fat intake and both mea-
sures of insulin resistance [56] and worsening diabe-
tes outcome [49]. In the geographical areas of these
studies the dietary intake of monounsaturated fats is
largely in association with saturated fats (e.g. meat
and dairy products) and this may account for the ap-
parent inconsistencies in the effects of monounsatu-
rates.

The results of the cross-sectional and epidemio-
logical studies, while often demonstrating only mod-
est relationships, are important. Use of the doubly la-
belled water technique (see [57, 58]) has, for the first
time, allowed accurate measurement of 10-14 day to-
tal energy expenditure in freely living individuals.
This has allowed some validation (at least for total
energy intake) of the various methods used to collect
dietary intake data. The results are discouraging.
There is wide variation between reported and actual
intakes (see [59, 60]). While it is possible that spuri-
ous relationships have arisen due to selective under-
reporting of particular macronutrient subclasses, it is
perhaps even more significant that relationships be-
tween dietary fat/fat subtypes and measures of insulin
action can be established at all in the face of such
methodological adversity.

Muscle insulin resistance and membrane lipid subtypes

The contrasts are therefore established. In rats, a rela-
tively short-term increase in the percentage of dietary
fat, even without an increase in total caloric intake,
leads to insulin resistance, whilst in humans the data
are equivocal. In contrast, evidence has emerged
over the past 3 to 4 vears that longer-term exposure
to a higher fat diet in humans does lead to insulin re-
sistance, measured either directly or indirectly, and
predisposes to the development of glucose intoler-
ance and diabetes.

In parallel with these observations, short-term
manipulation of the dietary fatty acid profile (i.e.
changing the fat subtypes) in rats produces major ef-
fects on insulin action. In humans there is a modest,
if any, change. However, there is again some evidence
from analysis of longer-term dietary patterns in hu-
mans of a beneficial effect of increased n-3 in the
diet with a relative reduction in the incidence of glu-
cose intolerance [51].

These contrasts, and the observation in rats of the
close relationship between the presence of highly un-
saturated fats in muscle membranes and insulin ac-
tion as noted earlier [25], led to cross-sectional stud-
ies in humans. The hypothesis was that habitual diet-
ary fatty acid profile over a long period of time
would be reflected in the fatty acid profile of the

L.H. Storlien et al.: Dietary fats and insulin action

5 600 r=0.76 p=0.002

T

i i 500

£% 400 ]

B

2E 300

o o

£E 200

2

= 100 -
04

16 18 20 22 24 26
C20-22 polyunsaturated fatty acids

(% total fatty acids)

Fig.1. Relationship between the percentage of long-chain
polyunsaturated fatty acids in the phospholipid of skeletal
muscle (vastus lateralis) and whole-body insulin sensitivity de-
termined by the hyperinsulinaemic, euglycaemic clamp tech-
nique. Reproduced from [61] with permission

structural membrane lipids in skeletal muscle. In
turn this fatty acid profile, as in the rat studies, would
relate to insulin action. Two studies were initially car-
ried out. The first was an investigation in normogly-
caemic cardiovascular surgery patients in which the
fasting insulin level was used as a crude index of insu-
lin action and a muscle biopsy was obtained at sur-
gery. The follow-up study in healthy volunteers em-
ployed the hyperinsulinaemic, euglycaemic clamp to
assess insulin action directly along with a percutane-
ous biopsy of vastus lateralis muscle. In each of these
studies the phospholipid fatty acid composition of
the biopsied muscle was then determined [61]. Phos-
pholipids are structural lipids essentially confined to
membranes. They form a major lipid component of
the membrane bilayer: from the proportionally larg-
est component of plasma membrane to almost all
the lipid in mitochondrial membrane. These studies
demonstrated clear and consistent relationships be-
tween the percentage of highly unsaturated lipids in
the muscle structural membrane lipids and insulin ac-
tion ([61]; Fig.1). Conversely, the more saturated the
muscle membrane phospholipids, the more insulin re-
sistant the individual.

This work has been recently followed-up in dispar-
ate populations from the United States and Sweden.
In the diabetes- and obesity-prone Pima Indians re-
sults consistent with the original observations were
obtained, but with two major advances [62]. Close re-
lationships were established between relative lean-
ness and increased muscle membrane lipid unsatura-
tion (conversely, the greater the obesity, the more sat-
urated the muscle membrane). Secondly, the Pima In-
dians had a much lower level (< 40 %) of the highly
unsaturated n-3 fatty acids than our Australian, large-
Iy Caucasian, population. In fact it was striking that,
despite the overall effect of polyunsaturated fats be-
ing positive for insulin action, there was a clear effect
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of the n-6 to n-3 ratio (being the two major classes of
polyunsaturated fats) in both our Australian and the
Pima study groups. When this ratio is plotted for
both groups together the results show that the higher
the n-6/n-3 ratio, the higher the fasting insulin (a mea-
sure of insulin resistance in these normoglycaemic
populations), and the higher the relative body weight
[63]. This is consistent with work from Raheja et al.
[64] showing a beneficial effect on glycaemic control
in NIDDM subjects as a result of reducing the dietary
n-6/n-3 ratio. In the past 3040 years western coun-
tries have been undergoing a major dietary experi-
ment of high n-6 polyunsaturated fat intake, largely
driven by the cardiovascular literature. It would be
ironic if at the same time, this experiment has had
deleterious effects on diabetes and obesity.

In addition to the studies in Australians and native
Americans, a similar analysis has been carried out by
Vessby and colleagues on a Swedish population [65].
Again highly significant relationships have been es-
tablished between muscle phospholipid fatty acid
composition and insulin action. However, differences
between the Swedish and the Australian and Pima In-
dian results did occur. First, in the Swedish study the
highest correlation occurred with saturated fatty
acids: the greater the proportion of saturated fats in
the muscle membranes, the more insulin resistant
the individual. Relationships with the highly unsatur-
ated fatty acids were not, as in the other studies, sig-
nificant. The second major difference, which may ac-
count for the first, is that the percentage of n-3 fatty
acids in the Swedish population was much higher
than in the Australian, and of course very much high-
er than in Pima subjects. These observations presum-
ably reflect, at least in part, a difference in the diet-
ary intake of n-3 fatty acids. However, there is also
very likely to be a genetic predisposition to incorpo-
ration of specific fatty acids into membranes. In the
studies of Borkman et al. [61] dietary analysis of a
limited number of subjects showed that relative
amounts of, for example n-3 fatty acids, did not relate
at all well to apparent dietary intake. It will be inter-
esting to determine if the low level of n-3 fatty acids
in the Pima Indian muscle membranes is more closely
related to low dietary intake or reflects a genetic pre-
disposition. In this regard it is interesting that an in-
testinal fatty acid binding protein on chromosome
4 q has been linked with insulin resistance in this pop-
ulation [66].

Finally, an interesting aspect of the Borkman study
[61] and the follow-up in Pima Indians [62] was the
strong relationship between insulin action and indices
of the A5 desaturase activity. This enzyme is neces-
sary in production of the most unsaturated fatty acids
in both the n-6 and n-3 series of essential polyunsatu-
rated fats. It is clearly true that the Unsaturation In-
dex (the number of double bonds per fatty acyl group
times 100 — a convenient measure of overall lipid
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unsaturation) of the average ‘western’ diet is much
less (UI equals = 80 — Australian dietary survey, Na-
tional Health and Medical Research Council, 1991)
than the UI of skeletal muscle phospholipid which av-
erages 160-170 in the above studies. With the excep-
tion of certain marine oils, the major dietary fatty ac-
ids must all be substantially elongated and desaturat-
ed to be transformed into the fatty acids that our re-
sults have shown to be associated with insulin sensi-
tivity. The elongase and desaturase enzymes are cru-
cial rate limiting elements in this transformation. Ac-
tivity of these enzymes can be inferred from product/
precursor ratios (for example the ratio of 20:4n-6 to
20:3n-6 gives an activity index of the A5 desaturase
enzyme). While not an optimal method for measuring
enzyme activity, our results in humans, both in an
Australian largely Caucasian sample [61] and in
Pima Indians [62], have shown remarkably strong re-
lationships between reduced A5 desaturase activity
(20:4 n-6/20:3 n-6) and both insulin resistance and
obesity. In this regard, agents that influence the activ-
ity of desaturase enzymes may play a central role in
development of disease. It is interesting in this regard
to note that it has been suggested that trans fatty ac-
ids may play a role in the development of obesity
and insulin resistance [67] and that this subtype of fat-
ty acid has also been shown to inhibit the activity of
desaturase enzymes (see [68]).

Taken together these studies [61, 62, 65, 69] and
the previous rat studies [24, 25] suggest a powerful
role for the fatty acid composition of membrane lip-
ids in determining insulin action.

In summary, a good deal of evidence has now accu-
mulated to show that the fatty acid profile of the diet
1s important. The evidence has ranged from early in
vitro evidence of differences in insulin binding and
glucose transport in cells incubated with different
types of fat [70, 71] or in animals fed different fats
[24, 25] to cross-sectional relationships between
membrane structural lipid fatty acid profile and insu-
lin resistance in humans {61, 65, 69] and finally to
cross-sectional and epidemiological evidence linking
particularly high saturated fat intake [45, 48-50, 56,
72] with hyperinsulinaemia and increased risk of dia-
betes. This contrasts with the lack of relationship, or
even possible protective effect, of polyunsaturated
fats on insulinaemia. In particular habitual increased
n-3 polyunsaturated dietary fat intake (as fish fats)
[51, 73, 74] would appear to be protective against de-
velopment of glucose intolerance.

Dietary fats and energy balance

It has recently been argued that the single variable
most predictive of insulin resistance is adiposity and,
in particular, central adiposity [45, 75, 76]. So what is
the evidence linking fat intake with obesity and is it
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the case that the sole effect of dietary fat on insulin
action is via an increase in adiposity?

From a theoretical perspective there is certainly
reason to argue that fat is stored more efficiently as
fat than is carbohydrate (energy wastage on the fat
to fat conversion is theoretically only some 3 % while
wastage on the dietary carbohydrate to stored fat
conversion is over 20 % (see [77]). Further, while not
an unequivocal observation [78], there is some evi-
dence that an increase in caloric intake as fat does
not provoke a rise in fat oxidation [79]. This latter
finding would seem to be particularly true in the
post-obese subjects studied by Astrup etal. [80]
where increasing fat intake would certainly be a pow-
erful provocation to weight regain.

The experimental animal literature would suggest
a link between dietary fat intake and obesity but
with some caveats. Certainly the straight comparison
between a high carbohydrate diet and a high fat diet,
fed equicalorically, leads to the conclusion that the
high fat diet is handied more efficiently and resuits
in a greater accumulation of adiposity in rats [19].
However, the type of fat is important. In the short
term the relative propensity of various fats to be ox-
idised or stored is related to their unsaturation, the
position of the double bond(s), and the carbon back-
bone length [81, 82]. Translating these studies into
the longer term, again the predisposition to obesity
following exposure to any particular high fat diet ap-
pears to be markedly influenced by the fatty acid pro-
file of that diet [83-85] (see [86] for a recent review).
The more unsaturated the fatty acid profile of the
diet, the more resistant the animals to obesity —a gen-
eral pattern consistent with the above results of Ley-
ton et al. [81].

Human studies on this topic have not been consis-
tent. In a reanalysed study [87], with strict control un-
der hospital controlled conditions in normal weight
individuals, the conclusion was that equal intakes of
a high carbohydrate or a high fat diet led to equal
weight gain — although the actual adiposity was not
measured and may conceivably have been greater
(as in the equivalent animal study [19]). The conclu-
sions of Leibel and co-workers [87] are nicely congru-
ent with those of Hill et al. [88]. These workers em-
ployed very high carbohydrate versus very high fat
diets (60 % of calories from the major macronutrient)
and assessed expenditure directly in a whole-room in-
direct calorimeter in order to accurately determine
energy expenditure. They concluded that, “Diet com-
position did not affect total daily energy expenditure
but did affect daily nutrient oxidation by rapidly shift-
ing substrate oxidation to more closely reflect the
composition of the diet”. This contrasts with a study
carried out under field conditions which came to the
opposite conclusion; that a high percentage of calo-
ries in the diet from fat is associated with a relatively
lower caloric intake to maintain body weight [89].
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This latter study showed a quite remarkable apparent
increase in metabolic inefficiency on a very low fat,
high carbohydrate, diet (20 % of calories as fat) with
weight and adipose tissue loss despite caloric intake
almost 20 % more than that on a higher fat diet
(37% of calories from fat). It is not obvious how
these results can be reconciled with those of Leibel
and of Hill, except to say that there is a question
mark over dietary intake data under non-hospital
controlled conditions. Overall, the reasonable con-
clusion from both the animal and human work would
seem to be that high fat diets can lead to obesity
through increased metabolic efficiency although this
may be particularly true only of diets with a more sat-
urated fatty acid profile. Clearly this is an area de-
serving of considerable further investigation.

If we turn again to the epidemiological literature,
there has been a wealth of reports in the last few
years on the relationship between dietary fat intake
and adiposity. Many of these studies have shown rela-
tionships between fat intake, as a percentage of calo-
ries, and a range of measures of increased adiposity
[44, 46, 90-93]. However, a recent analysis of the
NHANES I Epidemiologic Follow-up Study surpris-
ingly shows very little correlation between baseline
percentage of fat intake and subsequent weight
change in the next 8 to 10 years [94]. Analysed in
quartiles these are quite remarkable data. In a sample
of 4567 women those in the lowest quartile of fat in-
take (25.6 £ 0.2 % of energy as fat) had a 10-year fol-
low-up weight gain of 2.53 + 0.3 kg while those in the
highest quartile of fat intake (47.2+0.2 % of energy
as fat) had an almost identical weight gain of
2.47 £ 0.3 kg. While in this study, on a multivariate
analysis and excluding all men with any morbidity,
there was a just significant positive relationship be-
tween fat intake and weight change in men, the rela-
tionship was inverse in women. Either the initial esti-
mates of fat consumption were entirely erroneous
(the 24-h recall method is prone to within-person
variation), there was major change in intake patterns
over the 10 years, there was a direct correlation be-
tween fat intake and increased physical activity, or
these data stand in marked contrast to the work noted
above.

There is also some work in the epidemiological lit-
erature which speaks to the issue of fat subtypes with
analysis of total fat intake into saturated, monounsat-
urated and polyunsaturated. Work by both Dreon
et al. [90] and Romieu et al. {92] found that percent-
age of body fat was significantly related to the per-
centage of saturated fat and monounsaturated fat
but not to polyunsaturated fat. Finally, increased adi-
posity itself may not be a single variable. Certainly
central adiposity appears to be the major culprit in a
range of metabolic complications [95]. Recent work
from our laboratory has shown, in a cross-sectional
study on Pima Indians that both muscle triglyceride
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accumulation and waist/thigh ratio, as a measure of
central adiposity, independently relate to insulin ac-
tion (Pan and Storlien, unpublished observations).
Further, when those variables are taken into account
total adiposity no longer significantly relates to insu-
lin action.

Dietary fats and insulin resistance independent of
obesity?

If on balance the evidence from cross-sectional and
epidemiological studies in humans suggests that an
increased percentage of dietary fat will lead to in-
creasing obesity, then can this relationship totally ex-
plain the effect on insulin resistance? From the study
of Lovejoy and DiGirolamo [44], which directly as-
sessed insulin action, the answer would appear to be
yes. When S;, their minimal model-derived index of
insulin sensitivity, was tested after adjustment for
BMI, then the percentage of fat in the diet was no
longer a significant predictor. However, they had rel-
atively few subjects and the result may represent a
type II error. In contrast, on much larger samples,
four of the studies analysed above have shown rela-
tionships between measures of insulin action and per-
centage of dietary fat which are independent of the
relationship with adiposity. Firstly, Maron et al. [72]
showed that intake of saturated fats was significantly
related to both BMI and fasting insulin. Further, the
relationship between saturated fat intake and fasting
insulin remained after adjustment for BMI. In the re-
port of Parker and colleagues [45] percentage of diet-
ary saturated fat also remained a significant predic-
tor of both fasting and postprandial insulin after ad-
justment for measures of adiposity while dietary un-
saturated fat was not a predictor before, or after, ad-
justment. Similarly Feskens et al. [56] have shown
that both fasting C-peptide levels and the area under
the insulin curve following an oral glucose tolerance
test were significantly related to both percentage of
saturated and percentage of monounsaturated di-
etary fat independently of a number of variables in-
cluding adiposity. Importantly, in this study the per-
centage of polyunsaturated fat was inversely related
to the area under the insulin curve after correction
for adiposity. Finally, Mayer et al. [46] showed that
as well as a relationship, independent of adiposity,
between fasting insulin and saturated and monoun-
saturated fat intake, there was also a significant, posi-
tive relationship with linoleic, n-6 polyunsaturated
fat.

Taken with the work of Feskens et al. [51] showing
an apparent protective effect of fish intake (with its
high levels of n-3 polyunsaturated fats) on glucose
tolerance, the above studies would appear to be in
close agreement with the experimental animal litera-
ture and offer the following synthesis. Increased
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dietary fat intake in general, and saturated fat specif-
ically, will lead to increased adiposity. This increased
adiposity, particularly central adiposity, will lead to
impairment of insulin action. However, increased fat
intake also appears to lead to insulin resistance inde-
pendent of adiposity. Again saturated fat, in particu-
lar, would appear to be the major culprit. Limited ev-
idence suggests that the n-6/n-3 ratio is likely to be
important and that there is a protective effect of n-3
polyunsaturated fats. The independent effect of di-
etary fats on insulin action may be mediated via their
effects on the fatty acid profile of the structural lipids
in membranes, particularly in muscle as discussed
above.

Incorporation of these highly unsaturated fatty ac-
1ds into phospholipid would depend, at least to some
extent, on their availability. As well as dietary intake,
availability will be influenced by their resistance to
destruction by oxidative metabolism. It is interesting
that prolonged treatment with high doses of vitamin
E has been shown to significantly improve insulin ac-
tion [96] and vitamin C also appears to have benefi-
cial effects [97]. It is tempting to speculate that the
antioxidant effects of vitamins C and E, leading to in-
creased incorporation of highly unsaturated fatty ac-
ids into muscle membranes, might be a mechanism
underlying these observations.

Finally, it has now been shown in humans [98], as
it has been in rodents [25], that muscle triglyceride
stores are directly associated with insulin resistance
independent of measures of total adiposity. It is not
entirely clear what governs the level of storage lipid
in muscle although in the rodent studies isocaloric
feeding of diets differing only in their fatty acid pro-
file results in very different muscle lipid levels. Fur-
ther, elevated triglyceride stores are related, in hu-
mans, to increasing saturation of muscle membrane
structural lipids (Pan and Storlien, unpublished ob-
servations). Inhibition of glucose utilisation by in-
creased lipid availability has been demonstrated
[12, 99]. As Standl and co-workers [100] have
shown, increased muscle triglyceride stores will re-
sult in increased rates of lipolysis for a given stimu-
lus. This latter observation is particularly germane
as it has been shown that hyperinsulinaemia during
a euglycaemic clamp increases sympathetic nervous
activity [101]. Increased stress responsivity has
been shown to be predictive of high weight gain on
a high fat/high sucrose diet [102] and, in turn, fat-
feeding itself results in an increased responsivity to
stress [103]. Increased muscle intracellular lipid
stores, increased sympathetic nervous activity to el-
evated insulin levels and increased responsivity to
stress are mechanisms which together, or indepen-
dently, could lead to increased lipolysis and there-
fore decreased glucose uptake in high fat fed rats.
Again, it is not known if saturated fats are particu-
larly deleterious.
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Summary and conclusions

The mechanisms underlying the insulin resistance of
high fat feeding have not been fully elucidated. How-
ever, from the available data the following might be
the most parsimonious synthesis of the available liter-
ature.

A higher percentage of fat in the diet in humans
appears, on balance, to increase adiposity over time.
This may come about through a number of mecha-
nisms including the efficiency of conversion to stor-
age fat [77], the failure of fat intake to drive fat oxida-
tion [79, 80], and/or the relative failure of fats to pro-
vide appropriate satiety/satiation [104, 105]. How-
ever, this issue is still controversial with the experi-
mental animal literature suggesting that the fatty
acid profile of the diet is of major importance [86].
Supporting this, the epidemiological and cross-sec-
tional work in humans shows saturated fat intake to
be the likely culprit but even the epidemiological lit-
erature is not conclusive [94]. It is completely un-
known whether dietary fat types have characteristic
effects on the specific accumulation of central adipos-
1ty.
Evidence exists for an effect of dietary fat on insu-
lin action independent of changes in adiposity. Again,
it is the percentage of saturated fat that appears im-
portant. This finding is congruent with the recent
work showing that dietary fatty acid profile affects
the fatty acid profile of skeletal muscle structural lip-
ids with insulin resistance being associated with a
higher proportion of saturated fats (and conversely a
lower percentage of polyunsaturated, particularly n-3
fats). Finally, dietary fat may have its effects on insu-
lin action via alterations in storage lipid in muscle.
Here again the sparse literature suggests that the
type of fat is critical [98] and this effect may come
about via changes in membrane lipid profile.

So where do we go from here? Clearly much more
work is needed especially on fat subtypes in humans.
The particular effects of individual fats on total en-
ergy expenditure, and specifically on prandial lipid
oxidation, need to be known. Short-term interven-
tions aimed at changing the amount and type of fat
in humans have yielded unimpressive and often con-
tradictory results. Longer-term dietary trials in ‘free-
range’ humans are needed. Better (and validated)
techniques for obtaining dietary intake data on free-
living humans are needed. The dietary databases
used in large-scale cross-sectional and epidemiologi-
cal work need to be upgraded to allow a separation
of n-6 and n-3 polyunsaturated fats with their very
different metabolic products (thromboxanes, prosta-
cyclins and prostaglandins). Available evidence raises
some concern about the effects of a high dietary n-6/
n-3 ratio, but the data are very preliminary and more
work is indicated before any strong statement could
be made. The role of monounsaturated fats needs to
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be clarified. A cross-sectional or epidemiological
study in an area where monounsaturated fat comes
largely independent of saturated fat would be instruc-
tive.

In conclusion, to slightly misparaphrase Professor
K. Jungermann “More is known about dietary fat
and disease than is true”. Certainly this is currently
the case in relation to dietary fats and insulin action.

Note added in proof. In an excellent publication just to hand,
Feskens and co-workers have reported on dietary factors de-
termining diabetes and impaired glucose tolerance, analyzing
a 20-year followup of the Finnish and Dutch cohorts of the Se-
ven Countries Study. The conclusions they reach are very com-
patible with those reached in this review. High fat intake, parti-
cularly saturated fats, were associated with subsequent devel-
opment of NIDDM and glucose intolerance while intake of vi-
tamin C and fish (possibly due to the n-3 fats) were protective
[106].

Acknowledgements. The research programes of the authors are
supported by the National Health and Medical Research
Council (Australia), Diabetes Australia Research Trust, the
Egg Industry Research and Development Council, the
Hoechst Diabetes Research Fund, Meadow Lea Foods and
the Grains Research and Development Corporation, and the
Rebecca L. Cooper Medical Research Foundation.

References

1. Himsworth HP (1935) The dietetic factor determining the
glucose tolerance and sensitivity to insulin of healthy men.
Clin Sci 2: 67-94

2. Himsworth HP, Kerr RB (1939) Insulin-sensitive and in-
sulin-insensitive types of diabetes mellitus. Clin Sci 41:
119-152

3. Brunzell JD, Lerner RL, Hazzard WR, Porte D, Bierman
EL (1971) Improved glucose tolerance with high carbohy-
drate feeding in mild diabetes. N Engl J Med 284: 521-524

4. Anderson JW, Herman RH, Zakim D (1973) Effect of
high glucose and high sucrose diets on glucose tolerance
of normal men. Am J Clin Nutr 26: 600-607

5. Anderson JW (1977) Effect of carbohydrate restriction
and high carbohydrate diets on men with chemical diabe-
tes. Am J Clin Nutr 30: 402-408

6. Lavau M, Susini C (1975) [U-14C]glucose metabolism in
vivo in rats rendered obese by a high fat diet. J Lipid Res
16: 134-142

7. Susini C, Lavau M (1978) In-vitro and in-vivo responsive-
ness of muscle and adipose tissue to insulin in rats ren-
dered obese by a high-fat diet. Diabetes 27: 114-120

8. Grundleger ML, Thenen SW (1982) Decreased insulin
binding, glucose transport, and glucose metabolism in so-
leus muscle of rats fed a high fat diet. Diabetes 31: 232-
237

9. Bringolf M, Zaragoza N, Rivier D, Felber J-P (1972) Stud-
ies on the metabolic effects induced in the rat by a high-fat
diet. Inhibition of pyruvate metabolism in diaphragm in
vitro and its relation to the oxidation of fatty acids. Eur J
Biochem 26: 360-367

10. Schindler C, Felber J-P (1986) Study on the effect of high
fat diet on diaphragm and liver glycogen and glycerides
in the rat. Horm Metab Res 18: 91-93

11. Randle PJ, Garland PB, Hales CN, Newsholme EA (1963)
The glucose fatty-acid cycle, its role in insulin sensitivity



L..H.Storlien et al.: Dietary fats and insulin action

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

and the metabolic disturbances of diabetes mellitus. Lan-
cet 1:785-789

Randle PJ, Kerbey AL, Espinal J (1988) Mechanisms de-
creasing glucose oxidation in diabetes and starvation:
role of lipid fuels and hormones. Diab Metab Rev 4: 623
638

Bryson JM, Cooney GJ, Wensley VR et al. (1995) High-
fat feeding alters the response of rat PDH complex to
acute changes in glucose and insulin. Am J Physiol
268:E752-E757

Nagy LJ, Grunberger G (1990) High-fat feeding induces
tissue-specific alteration in proportion of activated insulin
receptors in rats. Acta Endocrinol Copenh 122: 361-368
Fickova M, Hubert P, Klimes I et al. (1994) Dietary fish oil
and olive oil improve the liver insulin receptor tyrosine ki-
nase activity in high sucrose fed rats. Endocrine Regula-
tion 28: 187-197

Leturque A, Postic C, Ferre P, Girard J (1991) Nutritional
regulation of glucose transporter in muscle and adipose
tissue of weaned rats. Am J Physiol 260:E588-E593

Kahn BB, Pedersen O (1993) Suppression of GLUT4 ex-
pression in skeletal muscle of rats that are obese from
high fat feeding but not from high carbohydrate feeding
or genetic obesity. Endocrinology 132: 13-22

Hedeskov CIJ, Capito K, Islin H, Hansen SE, Thams P
(1992) Long-term fat-feeding-induced insulin resistance
in normal NMRI mice: postreceptor changes of liver, mus-
cle and adipose tissue metabolism resembling those of
type 2 diabetes. Acta Diabetol 29: 14-19

Storlien LH, James DE, Burleigh KM, Chisholm DJ,
Kraegen EW (1986) Fat feeding causes widespread in
vivo insulin resistance, decreased energy expenditure,
and obesity in rats. Am J Physiol 251:E576-E583
Kraegen EW, James DE, Storlien I.H, Burleigh KM, Chis-
holm DJ (1986) In vivo insulin resistance in individual pe-
ripheral tissues of the high fat fed rat:assessment by eugly-
caemic clamp plus deoxyglucose administration. Dia-
betelogia 29: 192-198

Jenkins AB, Furler SM, Kraegen EW (1986) 2-deoxy-glu-
cose metabolism in individual tissues of the rat in vivo. Int
J Biochem 18: 311-318

Kraegen EW, Clark PW, Jenkins AB, Daley EA, Chis-
holm DJ, Storlien LH (1991) Development of muscle in-
sulin resistance after liver insulin resistance in high-fat
fed rats. Diabetes 40: 1397-1403

Issad T, Coup C, Pastor-Anglada M, Ferr P, Girard J
(1988) Development of insulin-sensitivity at weaning in
the rat. Role of the nutritional transition. Biochem J 251:
685-690

Storlien LH, Kraegen EW, Chisholm DJ, Ford GL, Bruce
DG, Pascoe WS (1987) Fish oil prevents insulin resistance
induced by high-fat feeding in rats. Science 237: 885-888
Storlien LH, Jenkins AB, Chisholm DJ, Pascoe WS,
Khouri S, Kraegen EW (1991) Influence of dietary fat
composition on development of insulin resistance in rats.
Relationship to muscle triglyceride and w-3 fatty acids in
muscle phospholipids. Diabetes 40: 280-289

Wong SH, Nestel PJ, Trimble RP, Storer GB, Illman RJ,
Topping DL (1984) The adaptive effects of dietary fish
and safflower oil on lipid and lipoprotein metabolism in
perfused rat liver. Biochim Biophys Acta 792: 103-109
Wake S, Sowden J, Storlien LH, James DE, Clark P (1991)
Effects of exercise training and dietary manipulation on
insulin-regulatable glucose-transporter mRNA in rat
muscle. Diabetes 40: 275-279

Ikemoto S, Thompson KS, Takahashi M, Itakura H, Lane
MD, Ezaki O (1995) High fat diet-induced hyperglycemia:

29.

30.

31.

32.

33.

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

629

prevention by low level expression of a glucose trans-
porter (GLUT4) minigene in transgenic mice. Proc Natl
Acad Sci USA 92: 3096-3099

Rosholt MN, King PA, Horton ES (1994) High-fat diet re-
duces glucose transporter responses to both insulin and
exercise. Am J Physiol 266:R95-R101

Opara EC, Garfinkel M, Hubbard VS, Burch WM, Ak-
wari OE (1994) Effect of fatty acids on insulin release:
role of chain length and degree of unsaturation. Am J
Physiol 266:E635-E639

Storlien LH, Borkman M, Jenkins AB, Campbell LV
(1991) Diet and in vivo insulin action: of rats and man. Di-
abetes Nutr Metab 4: 227-240

Kolterman OG, Greenfield M, Reaven GM, Saekow M,
Olefsky IM (1979) Effect of a high carbohydrate diet on
insulin binding to adipocytes and on insulin action in
man. Diabetes 28: 731-736

Beck-Neilsen H, Pederson O, Schwartz Sorensen N (1978)
Effects of diet on the cellular insulin binding and insulin
sensitivity in young healthy subjects. Diabetologia 15:
289-296

Borkman M, Campbell LV, Chisholm DJ, Storlien LH
(1991) High-carbohydrate low-fat diets do not enhance in-
sulin sensitivity in normal subjects. J Clin Endocrinol Me-
tab 72: 432437

. Hjgllund E, Pedersen O, Richelsen B, Beck-Neilsen H,

Schwartz Sorensen N (1983) Increased insulin binding to
adipocytes and monocytes and insulin sensitivity of glu-
cose transport and metabolism in adipocytes from non-in-
sulin-dependent diabetics after a low-fat/high-fiber diet.
Metabolism 32: 1067-1075

Chen M, Bergman RN, Porte D (1988) Insulin resistance
and B-cell dysfunction in aging: the importance of dietary
carbohydrate. J Clin Endocrinol Metab 67: 951-957
Swinburn BA, Boyce VL, Bergman RN, Howard BV,
Bogardus C (1991) Deterioration in carbohydrate metab-
olism and lipoprotein changes induced by modern, high
fat diet in Pima Indians and Caucasians. J Clin Endocrinol
Metab 73: 156-165

Parillo M, Rivellese AA, .Ciardullo AV etal. (1992)
A high-monounsaturated-fat/low-carbohydrate diet im-
proves peripheral insulin sensitivity in non-insulin-depen-
dent diabetic patients. Metabolism 41: 1373-1378
Popp-Snijders C, Schouten JA, Heine RJ, van der Meer J,
van der Veen EA (1987) Dietary supplementation of ome-
ga-3 polyunsaturated fatty acids improves insulin sensitiv-
ity in non-insulin-dependent diabetes. Diabetes Res 4
141-147

Fasching P, Ratheiser K, Waldhausl W et al. (1991) Meta-
bolic effects of fish-oil supplementation in patients with
impaired glucose tolerance. Diabetes 40: 583-589
Glauber HS, Wallace P, Griver K, Brechtel G (1988) Ad-
verse metabolic effects of omega-3 fatty acids in non-insu-
lin-dependent diabetes mellitus. Ann Intern Med 108:
663-668

Borkman M, Chisholm D, Furler S et al. (1989) Effects of
fish oil supplementation on glucose and lipid metabolism
in NIDDM. Diabetes 38: 1314-1319

Heine RJ, Mulder C, Popp-Snijders C, van der Meer J,
van der Veen EA (1989) Linoleic-acid-enriched diet:
long term effects on serum lipoprotein and apolipopro-
tein concentrations and insulin sensitivity in noninsu-
lin-dependent diabetic patients. Am J Clin Nutr 49:
448-456

Lovejoy J, DiGirolamo M (1992) Habitual dictary intake
and insulin sensitivity in lean and obese adults. Am J Clin
Nutr 55: 1174-1179



630

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Parker DR, Weiss ST, Troisi R, Cassano PA, Vokonas PS,
Landsberg L (1993) Relationship of dietary saturated fat-
ty acids and body habitus to serum insulin concentration:
the Normative Aging Study. Am J Clin Nutr 58: 129-136
Mayer EJ, Newman B Jr, Selby JV (1993) Usual dietary
fat intake and insulin concentrations in healthy women
twins. Diabetes Care 16: 1459~1469

Kraegen EW, Storlien LH, Jenkins AB, James DE (1989)
Chronic exercise compensates for insulin resistance in-
duced by a high-fat diet in rats. Am J Physiol 256:E242—
E249

Marshall JA, Hamman RF, Baxter J (1991) High-fat, low-
carbohydrate diet and the etiology of non-insulin-depen-
dent diabetes mellitus: The San Luis Valley diabetes study.
Am J Epidemiol 134: 590-603

Marshall JA, Hoag S, Shetterly S, Hamman RF (1994) Di-
etary fat predicts conversion from impaired glucose toler-
ance to NIDDM. Diabetes Care 17: 50-56

Feskens EJM, Kromhout D (1990) Habitual dietary in-
take and glucose tolerance in euglycemic men: the Zut-
phen study. Int J Epidemiol 19: 953-959

Feskens ETM, Bowles C, Kromhout D (1991) Inverse as-
sociation between fish intake and risk of glucose intoler-
ance in normoglycemic elderly men and women. Diabetes
Care 14: 935-941

Vessby B, Aro A, Skarfors E, Berglund L, Salminen I, Li-
thell H (1994) The risk to develop NIDDM is related to
the fatty acid composition of the serum cholesterol esters.
Diabetes 43: 1353-1357

Colditz GA, Manson JE, Stampfer MJ, Rosner B, Willett
WC, Speizer FE (1992) Diet and risk of clinical diabetes
in women. Am J Clin Nutr 55: 1018-1023

Campbell LV, Marmot PE, Dyer JA, Borkman M, Stor-
lien LH (1994) The high-monounsaturated fat diet as a
practical alternative for NIDDM. Diabetes Care 17: 177-
182

Garg A, Bantle JP, Henry RR et al. (1994) Effects of vary-
ing carbohydrate content of diet in patients with non-insu-
lin-dependent diabetes mellitus. JAMA 142: 1-8

Feskens EIM, Loeber JG, Kromhout D (1994) Diet and
physical activity as determinants of hyperinsulinemia:
The Zutphen elderly study. Am J Epidemiol 140: 350-360
Schoeller DA, Ravussin E, Schutz Y, Acheson KJ, Baert-
schi P, Jéquier E (1986) Energy expenditure by doubly la-
beled water: validation in humans and proposed calcula-
tion. Am J Physiol 250:R823-R830

Schoeller DA, van Santen E (1982) Measurement of en-
ergy expenditure in humans by doubly labeled water
method. J Appl Physiol 53: 955-959

Livingstone MBE, Prentice AM, Coward WA et al. (1990)
Simultaneous measurement of free-living energy expendi-
ture by the doubly labeled water method and heart-rate
monitoring. Am J Clin Nutr 52: 59-65

Lightman SW, Pisarska K, Berman ER et al. (1992) Dis-
crepancy between self-reported and actual caloric intake
and exercise in obese subjects. N Engl J Med 327: 1893—
1898

Borkman M, Storlien LH, Pan DA, Jenkins AB, Chisholm
DJ, Campbell LV (1993) The relationship between insulin
sensitivity and the fatty acid composition of phospholipids
of skeletal muscle. N Engl J Med 328: 238-244

Pan DA, Lillioja S, Milner MR et al. (1995) Skeletal mus-
cle membrane lipid composition is related to adiposity
and insulin action. J Clin Invest 96: 2802-2808

Storlien LH, Pan DA, Kriketos AD et al. (1995) Skeletal
muscle membrane lipids and insulin resistance. Lipids (in
press)

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

L.H. Storlien et al.: Dietary fats and insulin action

Raheja BS, Sadikot SM, Phatak RB, Rao MB (1993) Sig-
nificance of the n-6/n-3 ratio for insulin action in diabetes.
In: Klimes I, Howard BV, Storlien LH, Sebokova E (eds)
Dietary lipids and insulin action, vol 683. Annals NY
Acad Sci, New York New York, pp 258-271

Vessby B, Tengblad S, Lithell H (1994) Insulin sensitivity
is related to the fatty acid composition of serum lipids
and skeletal muscle phospholipids in 70-year-old men.
Diabetologia 37: 1044-1050

Prochazka M, Lillioja S, Tait JF et al. (1993) Linkage of
chromosomal markers on 4q with a putative gene deter-
mining maximal insulin action in Pima Indians. Diabetes
42:514-519

Simopoulos AP (1994) Is insulin resistance influenced by
dietary linoleic acid and trans fatty acids? Free Radical
Biol Med 17: 367-372

Beyers EC, Emken EA (1991) Metabolites of cis, trans
and trans, cis isomers of linoleic acid in mice and incorpo-
ration into tissue lipids. Biochim Biophys Acta 1082: 275-
284

Storlien LH, Pan DA, Milner M, Lillioja S (1993) Skeletal
muscle membrane lipid composition is related to adipos-
ity in man. Obesity Res 1[Suppl 2]:77S

Grunfeld C, Baird K, Kahn CR (1981) Maintenance of
3T3-L1 cells in culture media containing saturated fatty
acids decreases insulin binding and insulin action. Bio-
chem Biophys Res Commun 103: 219-226

Yorek M, Leeney E, Dunlap J, Ginsberg B (1989) Effect
of fatty acid composition on insulin and IGF-1 binding in
retinoblastoma cells. Inv Ophth Vis Sci 30: 2087-2092
Maron DJ, Fair JM, Haskell WL (1991) Saturated fat in-
take and insulin resistance in men with coronary artery
disease. The Stanford Risk Intervention Project Investiga-
tors and Staff. Circulation 84: 2020-2027

Dyerberg J, Ban HO (1979) Haemostatic function and
platelet polyunsaturated fatty acids in Eskimos. Lancet
11:433-435

Adler Al, Boyko EJ, Schraer CD, Murphy NJ (1994) Low-
er prevalence of impaired glucose tolerance and diabetes
associated with daily seal oil or salmon consumption
among Alaska natives. Diabetes Care 17: 1498-1501
Coon PJ, Rogus EM, Drinkwater D, Muller DC, Goldberg
AP (1992) Role of body fat distribution in the decline in
insulin sensitivity and glucose tolerance with age. J Clin
Endocrinol Metab 75: 1125-1132

Kohrt WM, Kirwan JP, Staten MA, Bourey RE, King DS,
Holloszy JO (1993) Insulin resistance in aging is related
to abdominal obesity. Diabetes 42: 273-281

Flatt JP (1978) The biochemistry of energy expenditure.
In; Bray GA (eds) Obesity research II. Newman, London,
pp 211-288

Surina DM, Langhans W, Pauli R, Wenk C (1993) Meal
composition affects postprandial fatty acid oxidation.
Am J Physiol 264:R1065-R1070

Schutz Y, Flatt JP, Jequier E (1989) Failure of dietary fat
intake to promote fat oxidation: a factor favoring the de-
velopment of obesity. Am J Clin Nutr 50: 307-314

Astrup A, Buemann B, Christensen NJ, Toubro S (1994)
Failure to increase lipid oxidation in response to increas-
ing dietary fat content in formely obese women. Am J
Physiol 266:E592-E599

Leyton J, Drury PJ, Crawford MA (1987) Differential oxi-
dation of saturated and unsaturated fatty acids in vivo in
the rat. Br J Nutr 57: 383-393

Pan DA, Storlien LH (1993) Dietary lipid profile is a de-
terminant of tissue phospholipid fatty acid composition
and rate of weight gain in rats. J Nutr 123: 512-519



L.H.Storlien et al.: Dietary fats and insulin action

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

9.

Pan DA, Storlien LH (1993) Effect of dietary lipid profile
on the metabolism of -3 fatty acids: implications for obe-
sity prevention. In: Drevon CA, Baksaas I, Krokan HE
(eds) Omega-3 fatty acids: metabolism and biological ef-
fects. Birkhauser, Basel, pp 97-106

Shimomura Y, Tamura T, Suzuki M (1990) Less body fat
accumulation in rats fed a safflower oil diet than in rats
fed a beef tallow diet. J Nutr 120: 1291-1296

Hainauit I, Carlotti M, Hajduch E, Guichard C, Lavau M
(1993) Fish oil in high lard diet prevents obesity, hyper-
lipemia and adipocyte insulin resistance in rats. In: Klimes
I, Howard BV, Storlien LH, Sebokova E (eds) Dietary lip-
ids and insulin action. vol 683. Annals NY Acad Sci, New
York, pp 99-101

Pan DA, Hulbert AJ, Storlien LH (1994) Dietary fats,
membrane phospholipids and obesity. J Nutr 124: 1555-
1566

Leibel RL, Hirsch J, Appel BE, Checani GC (1992) En-
ergy intake required to maintain body weight is not af-
fected by wide variation in diet composition. Am J Clin
Nutr 55: 350-355

Hill JO, Peters JC, Reed GW, Schlundt DG, Sharp T,
Greene HL (1991) Nutrient balance in humans: effects of
diet composition. Am J Clin Nutr 54: 10-17

Prewitt TE, Schmeisser D, Bowen PE et al. (1991) Chan-
ges in body weight, body composition, and energy intake
in women fed high- and low-fat diets. Am J Clin Nutr 54:
304-310 ‘

Dreon DM, Frey-Hewitt B, Ellsworth N, Williams PT,
Terry RB, Wood PD (1988) Dietary fat:carbohydrate ratio
and obesity in middle-aged men. Am J Clin Nutr 47: 995-
1000

Miller WC, Lindeman AK, Wallace J, Niederpruem M
(1990) Diet composition, energy intake, and exercise in
relation to body fat in men and women. Am J Clin Nutr
52: 426430 ‘

Romieu I, Willett WC, Stampfer MJ et al. (1988) Energy
intake and other determinants of relative weight. Am J
Clin Nutr 47: 406412

Tucker LA, Kano MJ (1992) Dietary fat and body fat: a
multivariate study of 205 females. Am J Clin Nutr 56:
616-622

Kant AK, Graubard BI, Schatzkin A, Ballard-Barbash R
(1995) Proportion of energy intake from fat and subse-
quent weight change in the NHANES I Epidemiologic
Follow-up Study. Am J Clin Nutr 61: 11-17

9s.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

631

Després JP (1994) Dyslipidaemia and obesity. Baillieres
Clin Endocrinol Metab 8: 629-660

Paolisso G, D’Amore A, Guigliano D, Ceriello A, Varric-
chio M, D’Onofrio F (1993) Pharmacologic doses of vita-
min E improve insulin action in healthy subjects and
non-insulin-dependent diabetic patients. Am J Clin Nutr
57: 650-656

Paolisso G, D’Amore A, Balbi Vet al. (1994) Plasma vita-
min C affects glucose homeostasis in healthy subjects
and in non-insulin-dependent diabetics. Am J Physiol
260:E261-E268

Pan DA, Milner MR, Lillioja S, Storlien LH (1995) Mus-
cle lipid composition is related to body fatness and insulin
action in humans. Int J Obesity 19: 213 (Abstract)

Felley CP, Felley EM, van Melle GD, Frascarolo P, Jéquier
E, Felber J (1989) Impairment of glucose disposal by infu-
sion of triglycerides in humans: role of glycemia. Am J
Physiol 256:E747-E752

Standl E, Lotz N, Dexel T, Janka H, Kolb HJ (1980) Mus-
cle triglycerides in diabetic subjects. Diabetologia 18: 463
469

Anderson EA, Hoffman RP, Balon TW, Sinkey CA, Mark
Al (1991) Hyperinsulinemia produces both sympathetic
neural activation and vasodilation in normal humans. T
Clin Invest 87: 2246-2252

Levin BE (1992) Intracarotid glucose induced norepi-
nephrine response and the development of diet induced
obesity. Int J Obes 16: 451-457

Pascoe W, Smythe G, Storlien L (1991) Enhanced re-
sponses to stress induced by fat-feeding in rats: relation-
ship between hypothalamic noradrenaline and blood glu-
cose. Brain Res 550: 192-196

Green SM, Burley VJ, Blundell JE (1994) Effect of fat-
and sucrose-containing foods on the size of eating epi-
sodes and energy intake in lean males: potential for caus-
ing overconsumption. Eur J Clin Nutr 48: 547-555
Blundell JE, Burley VJ, Cotton JR, Lawton CL (1993) Di-
etary fat and the control of energy intake: evaluating the
effects of fat on meal size and postmeal satiety. Am J
Clin Nutr 57[Suppl}:777S-778S

Feskens EJM, Stengird J, Virtanen SM et al. (1995) Diet-
ary factors determining diabetes and impaired glucose tol-
erance. Diabetes Care 18: 1104-1112



