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Abstract

Purpose  'We sought to determine the effects of dietary fat
on insulin sensitivity and whether changes in insulin sen-
sitivity were explained by changes in abdominal fat distri-
bution or very low-density lipoprotein (VLDL) fatty acid
composition.

Methods Overweight/obese adults with normal glucose
tolerance consumed a control diet (35 % fat/12 % saturated
fat/47 % carbohydrate) for 10 days, followed by a 4-week
low-fat diet (LFD, n = 10: 20 % fat/8 % saturated fat/62 %
carbohydrate) or high-fat diet (HFD, n = 10: 55 % fat/25 %
saturated fat/27 % carbohydrate). All foods and their euca-
loric energy content were provided. Insulin sensitivity was
measured by labeled hyperinsulinemic-euglycemic clamps,
abdominal fat distribution by MRI, and fasting VLDL fatty
acids by gas chromatography.
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Results The rate of glucose disposal (Rd) during low-
and high-dose insulin decreased on the HFD but remained
unchanged on the LFD (Rd-low: LFD: 0.12 + 0.11 vs.
HFD: —0.37 &+ 0.15 mmol/min, mean & SE, p < 0.01; Rd-
high: LFD: 0.11 + 0.37 vs. HFD: —0.71 + 0.26 mmol/
min, p = 0.08). Hepatic insulin sensitivity did not change.
Changes in subcutaneous fat were positively associated
with changes in insulin sensitivity on the LFD (r = 0.78,
p < 0.01) with a trend on the HFD (» = 0.60, p = 0.07),
whereas there was no association with intra-abdominal
fat. The LFD led to an increase in VLDL palmitic (16:0),
stearic (18:0), and palmitoleic (16:1n7c) acids, while no
changes were observed on the HFD. Changes in VLDL
n-6 docosapentaenoic acid (22:5n6) were strongly associ-
ated with changes in insulin sensitivity on both diets (LFD:
r=—0.77; p<0.01; HFD: r = —0.71; p = 0.02).
Conclusions A diet very high in fat and saturated fat
adversely affects insulin sensitivity and thereby might con-
tribute to the development of type 2 diabetes.
ClinicalTrials.gov Identifier NCT00930371.
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Abbreviations

AlRg Acute insulin response to glucose
EGP Endogenous glucose production
GEE Generalized estimating equation

Kg Glucose disappearance constant
HIR index Hepatic insulin resistance index
HFD High-fat diet

IAF Intra-abdominal fat

IVGTT Intravenous glucose tolerance test
LFD Low-fat diet

MRI Magnetic resonance imaging
NEFAs Non-esterified fatty acids

PUFA Polyunsaturated fatty acid

Ra Rate of glucose appearance

Rd Rate of glucose disposal

SQF Subcutaneous fat

VLDL Very low-density lipoprotein
Introduction

Type 2 diabetes is reaching epidemic proportions world-
wide with the World Health Organization estimating that
worldwide 9 % of adults older than age 18 have diabetes
with the vast majority having type 2 diabetes [1]. Elevated
hepatic glucose production, impaired insulin secretion, and
insulin resistance, a typical complication of obesity, are
major factors underlying the pathogenesis of type 2 diabe-
tes [2]. Weight loss induced by lifestyle measures including
diet and physical activity has been shown to decrease the
risk of developing diabetes, with a 16 % reduction in risk
for every kilogram of weight loss [3]. Insulin sensitivity
is improved by hypocaloric dietary interventions irrespec-
tive of whether they are low or high in fat content [4-6],
but this effect may be attributed to weight loss itself rather
than diet composition. Thus, to determine the effects of
dietary macronutrient composition on insulin sensitivity,
it is important that they be tested in the absence of weight
change.

Medium- to long-term diet intervention studies have
examined whether isocaloric high-fat diets (HFDs) mod-
ify insulin sensitivity. Two studies that compared a HFD
(50-55 % of calories as fat) versus a low-fat diet (LFD)
(20-25 % of calories as fat) demonstrated no difference
in insulin sensitivity measured by clamp, in healthy adults
after 3 and 2 weeks, respectively [7, 8]. We also observed
no significant change in fasting insulin concentrations
or the Matsuda index measure of insulin sensitivity after
4 weeks on a high-fat/high-saturated fat diet (43 % cal-
ories from fat/24 % saturated fat) in weight-stable older
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subjects [9]. Additionally, after 11 days on isocaloric
low-fat, intermediate-fat, or high-fat diets (0, 41, and
83 % of fat, respectively), insulin sensitivity did not differ
between the high- and low-fat diets [10]. These data are
at odds with the preconception that HFD leads to insulin
resistance.

In contrast, a LFD with less than 10 % of energy from
saturated fat improved insulin sensitivity after 24 weeks
[11]. We also observed an improvement in the Matsuda
index after 4 weeks on a low-fat/low-saturated fat/low-gly-
cemic index diet [9]. LFDs are by default higher in carbo-
hydrate content if protein content is kept stable. Carbohy-
drate content alone may modify insulin sensitivity with one
study showing a significant increase in this parameter after
eating a very high-carbohydrate diet (85 %) [12]. Diets
high in carbohydrates also provide substrate to stimulate de
novo lipogenesis in the liver [13, 14] and result in produc-
tion of fatty acids such as palmitic (16:0) and stearic (18:0)
acids that have been shown to be related to decreased insu-
lin sensitivity [15]. However, increases in palmitoleate acid
(16:1n7c) after a LFD may promote insulin sensitivity in
white adipose tissue [15]. Thus, dietary effects on fatty acid
composition may influence effects on insulin sensitivity
and warrant investigation.

In addition to fatty acids, body fat composition and
ectopic fat storage are thought to be important factors in
regulating glucose metabolism [16]. Potential mediators
from adipose tissue include free fatty acids, inflammatory
cytokines and adipokines such as leptin and adiponectin
[17]. Studies have associated increased intra-abdominal fat
(IAF) [18], but not subcutaneous fat (SQF), with decreased
insulin sensitivity [19], and fat accumulation in the liver
has been associated with insulin resistance [20]. IAF is an
important source of non-esterified fatty acids (NEFAs) in
the portal circulation [21], draining them directly to the
liver and thereby altering hepatic glucose and lipid metab-
olism [22, 23] and contributing to insulin resistance [24].
Recently, the impact of dietary fat on body fat deposition
has been explored. In cross-sectional studies, diets high in
saturated fat are associated with increased total body and
trunk fat deposition compared to diets low in fat [25]. Two
studies that examined the effect of altering diet fat quality
but kept total dietary fat intake constant found decreases in
SQF with diets high in polyunsaturated fatty acid (PUFA)
[26, 27]. To our knowledge, only two studies have inves-
tigated the effect of a high-fat, high-saturated fat versus a
low-fat, low-saturated fat diet on body fat distribution in
weight-stable subjects. Neither found a significant effect on
IAF or SQF [9, 20]. However, we observed an increase in
abdominal SQF after 4 weeks on a high-fat/high-saturated
fat diet despite weight stability [28]. Whether such changes
in abdominal fat distribution contribute to effects of dietary
fat content on insulin sensitivity is unclear.
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In this study, we sought to determine the effect of diets
containing either low or high amounts of fat and saturated
fat on determinants of glucose tolerance, specifically insu-
lin sensitivity, both in insulin’s ability to suppress endog-
enous glucose production (EGP) and to promote glucose
uptake, and insulin secretion in weight-stable overweight/
obese subjects. We hypothesized that a diet high in fat
would decrease insulin sensitivity, while a diet low in fat
would improve insulin sensitivity. Fiber intake was stand-
ardized across the different intervention arms so that
this would not be a confounding factor. Since few previ-
ous studies have looked into mechanisms by which HFDs
affect insulin sensitivity, we further investigated possible
mediators of diet-induced changes in insulin sensitivity
by examining changes in abdominal fat distribution, adi-
pokines, and VLDL fatty acid analysis. VLDL fatty acids
were measured as the primary goal of the study was to
evaluate the effect of dietary fat content on liver fat and
its relationship to insulin sensitivity. We have previously
published that the HFD led to increases in SQF [28], but
examine here whether such changes in body fat distribution
contribute to changes in insulin sensitivity.

Research design and methods
Study design

The study was a prospective, random order, crossover, con-
trolled dietary feeding study. Details on the study design
have been previously published [28]. Briefly, subjects com-
pleted a 10-day control diet followed by 4 weeks on either
a LFD or HFD. All food was provided to the participants
during the control, HFD, and LFD periods. The seven sub-
jects who completed both the HFD and LFD underwent a
6-week washout period during which subjects ate ad lib at
home and no food was provided. The control diet was then
repeated prior to the second intervention diet.

A portion of the data have been published previously
[28] but are reproduced here for ease of reference.

Subjects

The study enrolled men and women between the ages of
18-55 years with BMI > 27 kg/m” and normal glucose
tolerance based on fasting (<5.5 mmol/L or <100 mg/
dl) and 2-h glucose (<7.8 mmol/L or <140 mg/dl) levels
after a standard 75 g oral glucose tolerance test. Exclu-
sion criteria included tobacco use, significant medical ill-
ness, reported alcohol consumption >2 alcoholic drinks/
day, alanine aminotransferase >40 U/L, serum creatinine
>132.6 pmol/L (>1.5 mg/dl) in men and >123.8 umol/L
(>1.4 mg/dl) in women, hematocrit <33 %, fasting

triglycerides >3.4 mmol/L (>300 mg/dl), fasting LDL cho-
lesterol >5.2 mmol/L (>200 mg/dl), food allergies/intoler-
ances, contraindications to magnetic resonance imaging
(MRI), and use of any medications affecting inflamma-
tion, insulin sensitivity, or liver fat. All subjects gave writ-
ten informed consent. The study was approved by the
Institutional Review Boards of the Veterans Affairs Puget
Sound Health Care System and the University of Wash-
ington in accordance with ethical standards on human
experimentation.

Dietary intervention

Menus were designed by a research nutritionist using Pro-
Nutra (VioCare, Inc., Princeton, NJ) to contain the follow-
ing: control: 35 % energy from fat (12 % saturated fat),
47 % energy from carbohydrate, and 18 % energy from pro-
tein; LFD: 20 % energy from fat (8 % saturated fat), 62 %
energy from carbohydrate, and 18 % energy from protein;
and HFD: 55 % fat (25 % saturated fat), 27 % energy from
carbohydrate, and 18 % energy from protein. Caloric needs
were estimated using the average of the Mifflin-St. Jeor
[29] and Harris-Benedict [30] equations, adjusted for phys-
ical activity. Major sources of fats in all three diets included
butter and high oleic safflower oil. Soluble fiber (inulin)
was added to the HFD to standardize fiber content across
diets. Because fructose was limited on the HFD due to the
low carbohydrate content, fructose was limited in all diets
to <30 g/day based on a 2000 kcal/day. The mean fructose
intake was higher on the LFD and lower on the HFD. The
composition of the diets is described in Table 1.

Subjects picked up their food from the metabolic
kitchen and were weighed twice weekly. Caloric intake
was adjusted to achieve weight stability. Subjects were
instructed to maintain regular physical activity and to eat
all of the food provided, not to eat any non-study food, and
to report any deviations from the diet. To determine com-
pliance, subjects recorded all food consumed each day
using a checklist which was returned to the nutritionist. All
foods that were not consumed were returned to the Nutri-
tion Research Kitchen and weighed to determine the actual
energy intake and composition of consumed foods.

Study procedures

Study procedures were performed at the end of the control
diet and at the end of the LFD or HFD. Subjects were told
to fast for at least 10 h before undergoing study procedures.

Intravenous glucose tolerance test

An intravenous glucose tolerance test (IVGTT) was per-
formed to assess the acute insulin response to glucose
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Table 1 Diet composition

Control LFD

LFD Control HFD HFD

Daily energy (kcal)

Fat (% of total energy)
Saturated fat (% of total energy)
MUFA (% of total energy)
PUFA (% of total energy)

n-6 PUFA (% of total energy)
n-3 PUFA (% of total energy)
Cholesterol (mg/day)

Trans-fat (% of total energy)
Protein (% of total energy)
Carbohydrate (% of total energy)
Total fiber (g/day)

Fructose (g/day)

3284.0 £125.0 3321.0 £150.0 3140.0 £120.0 3208.0£92.0

3584+ 0.6 20.2 + 0.0 3524 0.0 54.8 +0.1%3
119+ 04 7.7 40.0 11.6 + 0.0 23.74+0.1%3
16.7 £0.1 7.7 +0.0 16.6 £ 0.0 222 40.1%3
47400 3.0 4 0.0 47+ 0.0 5.2 4 0.0%}
2740.1 2.0 4 0.0 28400 3.8 4+0.1%3
0.1+0.0 0.2 4 0.0 0.1+0.0 0.3 &+ 0.0%*
378.0 £10.0  492.0£21.0' 35204 11.0  506.0 £ 17.0°
0.8 £0.0 0.5+ 0.0 0.8 +£0.0 1.4 £ 0.0%
17.9 4+ 0.0 18.1 £0.0 17.8£0.0 17.8 +£0.0°
46.4 £ 0.6 61.7 £0.0 46.9 £ 0.0 27.440.1%3
472420 46.1+2.1 458+ 1.8 39.8 + 1.3%3
341+1.8 46.1 £ 2.1 33.1+14 10.0 & 0.3%3

Data for the study diet composition is inclusive of all subjects who completed the control and correspond-
ing LFD or HFD (n = 10 for each). Mean diet composition data for the subset of subjects (n = 7) who
completed both diet protocols is not listed separately here, but was similar to those who completed only
one of the intervention diets. All data are reported as mean = SEM

MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids

' p<0.017 compared to CONT LFD. 2p<0.017 compared to CONT HFD. 3 p <0.017 HED versus LFD
for the seven subjects who completed both diet interventions

(AIRg) and glucose tolerance. An intravenous line was
established in an antecubital vein, and the arm was wrapped
in a heating pad to “arterialize” the blood. A bolus of glu-
cose (11.4 g/m?) was injected over 60 s, and blood samples
were drawn at —10, —5, —1, 2, 3,4, 5, 6, 8, 10, 12, 14, 16,
19, 22, 25, and 30 min relative to the start of the glucose
injection.

Hyperinsulinemic-euglycemic clamp

A two-step hyperinsulinemic-euglycemic clamp with 6,6-
2d glucose isotope label was performed on the following
day to estimate EGP and insulin sensitivity. After obtain-
ing a baseline blood sample, a primed (200 mg/m* x glu-
cose/100 over 5 min), continuous (2 mg/mz/min) infusion
of 6,6-2d glucose was started and continued throughout
the clamp procedure. Following a 3-h basal equilibration
period, a 3-h low-dose insulin infusion (20 mU/m*/min)
followed by a 2-h primed, continuous high-dose insulin
infusion (160 mU/m*min x 5 min then 80 mU/m?*min)
was performed. Blood glucose was measured every 5 min
using an iStat machine, and a variable rate infusion of 20 %
dextrose enriched with 2 % 6,6-2d glucose was titrated
to maintain the blood glucose concentration at 90 mg/dl.
Samples were drawn for glucose and insulin every 30 min
throughout the clamp. Samples for glucose, insulin, and
6,6-2d glucose were drawn every 15 min during the final
half hour of the basal, low-dose, and high-dose insulin
infusion periods. Samples for NEFAs were drawn into
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tubes containing the lipolysis inhibitor tetrahydrolipstatin
(orlistat) at —30, —15, —1, 10, 20, 30, and 60 min rela-
tive to the start of the low-dose insulin infusion and placed
immediately on ice. NEFA samples were processed within
30 min, and the plasma flash-frozen.

Fat distribution

Total fat and lean mass were determined on the first control
diet by dual-energy X-Ray absorptiometry using the QDR®
4500A bone densitometer system (Hologic, Inc. Bedford,
MA).

Abdominal fat distribution (IAF and SQF) and liver fat
were measured using MRI/MRS abdominal images as pre-
viously described [9]. The inter- and intra-scan coefficients
of variation (CVs) were 4.9 and 2.4 % for IAF and 6.2 and
3.1 % for SQF, respectively. MRS was used to quantify
hepatic triglyceride using a Philips Achieva 3 Tesla, version
2.5.3.0 (Philips, Andover, MA) whole body scanner. The
inter- and intra-scan CVs for liver fat were 18.6 and 1.2 %,
respectively.

Assays

The following assays were performed: glucose by glu-
cose oxidase; insulin by automated electrochemilumi-
nescence immunoassay (Cobas e601, Indianapolis, IN);
and adiponectin and leptin by radioimmunoassay (Mil-
lipore, Billerica, MA). Intra- and inter-assay CVs (%) for
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the adiponectin assay were 6.21 and 9.25 and for the lep-
tin assay were 3.7 and 5.2, respectively. VLDL fatty acids
were isolated by gradient ultracentrifugation. Fatty acid
methyl ester samples were prepared by direct trans-esterifi-
cation using the method of Lepage [31] and separated using
gas chromatography (Agilent 5890 gas chromatograph with
FID detector and ChemSation software; Supelco fused
silica 100-m capillary column SP-2560; initial 160 °C for
16 min, ramp 3.0 °C/min to 240 °C, hold for 15 min) (Agi-
lent Technology, Santa Clara, CA). The CV (%) ranged
from 0.7 to 13.1 depending on the type of VLDL fatty acid.
Levels of 6,6-2d glucose were measured by mass spectrom-
etry as previously described [32].

Calculations
IVGTT data

The AIRg was calculated as the AUC insulin response
above basal from 0 to 10 min. AIRg was adjusted for insu-
lin sensitivity measured by the clamp method to estimate
beta-cell function. The glucose disappearance constant
(Kg), a measure of intravenous glucose tolerance, was cal-
culated as the slope of the natural log of glucose from 10 to
30 min.

Clamp data

Isotopic steady-state concentrations were achieved during
the final 30 min of the basal and low- and high-dose insulin
periods of the clamp. The rates of glucose appearance (Ra)
and disappearance (Rd) were calculated based on steady-
state equations modified to include the use of a labeled dex-
trose infusion [33]. EGP was determined in the basal state
and at the end of the low-dose glucose infusion. Hepatic
insulin sensitivity was determined both by the percent sup-
pression of EGP from basal at the end of the low-dose insu-
lin infusion and as the hepatic insulin resistance index (HIR
index: basal EGP x fasting plasma insulin).

Statistical analysis

Data were expressed as mean =+ standard error (SE) for
normally distributed data or median (interquartile range)
for non-normally distributed data. Generalized estimating
equation (GEE) analysis was performed to determine the
effect of diet type on the change in each outcome variable
(intervention diet—respective control diet), adjusted for
diet order and type. The GEE method focuses on average
changes in response over time and the impact of covari-
ates on these changes. Unlike RM-ANOVA, GEE does not
require the outcome variable to have a normal distribution
and permits use of all available data (even if the subject did

not complete all study phases) in an unbalanced design,
leading to more efficient effect estimates. Individuals with
missing data are considered a random subset of the sample.
This feature benefits crossover studies in which missing
data occurred and/or data are skewed due to a small sample
size [34].

The significance of the associations between changes in
insulin sensitivity and changes in abdominal fat distribu-
tion, adipokines, and VLDL fatty acid composition were
tested using nonparametric Spearman’s correlation coeffi-
cient. A p < 0.05 was considered significant.

Statistical analyses were performed using SPSS soft-
ware (version 9.0, SPSS Inc., Chicago, IL).

Results
Subject characteristics

This was a prospective, crossover study where a total of
13 subjects (10 M/3F: 3 African Americans, 1 Asian, and
9 Caucasians; age 36 £+ 2.9 years; BMI 33.6 £ 1.3 kg/
m?; fasting glucose 5.0 4 0.1 mmol/L; 2-h glucose
5.3 £ 0.3 mmol/L) completed diets and procedures.
Seven participants completed both intervention diets (con-
trol + LFD and control + HFD, n = 7), and six partici-
pants completed only one of the diet interventions (con-
trol + LFD, n = 3) or (control + HFD, n = 3). All available
data were included in the analysis. All participants except
two reported consuming all food provided [28]. Remov-
ing these two subjects from all analyses did not change the
results.

Response to the LFD

Compared to the control diet, body weight did not change.
The Kg increased significantly after the LFD (Table 2),
demonstrating improved glucose tolerance, despite no sig-
nificant change in AIRg. Glucose and insulin levels were
well matched during the clamp (Fig. la, c). There was no
significant change in insulin sensitivity as measured by the
rate of glucose disposal (Rd) during the low- and high-level
insulin infusions (Fig. le), HIR index, basal EGP, or insu-
lin-mediated suppression of EGP on the LFD compared to
the control diet (Table 2). Additionally, during the clamp
there was no difference in the ability of low-dose insulin to
suppress free fatty acids (Fig. 1g). As previously published
[28], liver fat decreased significantly during the LFD, but
there were no significant changes in fasting glucose and
insulin, IAF, SQF or adipokines (Table 2).

Changes in the percent fatty acid composition of VLDL
are shown in Table 3. The proportion of stearic acid (18:0)
increased significantly, whereas palmitic acid (16:0)
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showed a trend to increase during the LFD. Among mono-
unsaturated fatty acids (MUFA), palmitoleic acid (16:1n7c)
showed an increase during the LFD. Finally, the most abun-
dant PUFA, linoleic acid (18:2n6), decreased significantly
during the LFD.

Response to the HFD

Compared to the control diet, there were no significant
changes in body weight, AIRg, Kg, HIR index, EGP, or EGP
suppression during the HFD (Table 2). Glucose and insulin
levels were well matched during the clamp (Fig. 1b, d). There
was a significant decrease in Rd but no change in the ability
of low-dose insulin to suppress free fatty acids (Fig. 1f, h).
There was no significant change in IAF or liver fat; however,
there was a significant increase in SQF with the HFD. All
other metabolic parameters did not change (Table 2).

There was no change in the percent fatty acid composi-
tion of VLDL during the HFD (Table 3).

Comparison of the LFD and HFD

Changes from control were compared between the LFD and
HFD adjusted for diet order and type. There was a signifi-
cant difference in the change in Rd-low (LFD: 0.12 £ 0.11
vs. HFD: —0.37 £ 0.15 mmol/min, mean £ SE, p < 0.01)
with a trend for Rd-high (LFD: 0.11 £ 0.37 vs. HFD:
—0.71 £ 0.26 mmol/min, p = 0.08). Kg was signifi-
cantly improved on the LFD compared to the HFD (LFD:
0.26 + 0.12 vs. HFD: —0.36 £ 0.18 %/min, p < 0.01).
The increase in SQF on the HFD was significant com-
pared to the change on the LFD (LFD: 9.3 &£ 42.9 vs. HFD:
156.4 + 423 cm®, p = 0.02) (Table 2). There were no sig-
nificant differences between changes on the LFD versus the
HFD in the other metabolic variables.

Correlates of changes in insulin sensitivity

After the LFD, changes in SQF were positively associ-
ated with changes in Rd-low (Supplemental Figure 1A:
r = 0.78; p < 0.01) and with changes in Rd-high (» = 0.83;
p < 0.01). After the HFD, increases in SQF also tended to
be positively associated with changes in Rd-low (Supple-
mental Figure 1B: r = 0.60; p = 0.07) but not with changes
in Rd-high (r = —0.52; p = 0.13). There was no association
between changes in Rd-low or Rd-high and IAF on either
the LFD (Rd-low: r = —0.10; p = 0.78; Rd-high: r = 0.20;
p = 0.58) or HFD (Rd-low: r = —0.26; p = 0.47; Rd-high:
r = 0.39; p = 0.21) (Supplemental Figure 1C, 1D). There
were no significant associations between changes in Rd-
low or Rd-high and changes in the SQF/IAF ratio, liver fat,
or adipokines (data not shown) after either diet.
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Among VLDL fatty acids, changes in VLDL n-6 doc-
osapentaenoic acid (22:5n6) were strongly negatively
associated with changes in Rd-low after both diets (LFD:
r=—0.77; p < 0.01; HFD: r = —0.71; p = 0.02) (Supple-
mental Figure 2). An increase in palmitic acid (16:0) was
associated with an increase in hepatic insulin resistance
after the LFD (r = 0.79; p = 0.01) but not after the HFD
(r=0.07; p = 0.86). There were no significant associations
between changes in any of the other VLDL fatty acids and
changes in Rd, HIR, or percent suppression of EGP.

After either LFD or HFD, there were no correlations
between changes in HIR index and changes in SQF, IAF, or
liver fat. Also, after both LFD and HFD there were no asso-
ciations between changes in EGP suppression and changes
in SQF, IAF, or liver fat.

Correlates of changes in glucose tolerance

After the LFD, changes in Kg were not associated with
changes in AIRg, Rd-low, or Rd-high. After the HFD,
changes in Kg were positively associated with changes in
AlRg (r = 0.82; p < 0.01) but not with changes in Rd-low
or Rd-high.

Discussion

Four weeks on a diet very high in fat and saturated fat sig-
nificantly decreased insulin sensitivity in overweight/obese
subjects despite the absence of weight gain. However,
a diet low in fat and saturated fat did not improve insulin
sensitivity. The decrease in insulin sensitivity on the HFD
could not be explained by changes in IAF, liver fat, or adi-
pokines. However, positive correlations between changes
in SQF and insulin sensitivity were observed. Intriguingly,
changes in VLDL n-6 docosapentaenoic acid (22:5n6) were
strongly negatively correlated with changes in insulin sen-
sitivity on both the HFDs and LFDs.

We explored potential mechanisms related to the
decrease in insulin sensitivity on the HFD. The strong-
est association we observed was a negative association
between changes in insulin sensitivity and changes in
VLDL n-6 docosapentaenoic acid (22:5n6). This associa-
tion was observed on both the HFD and the LFD. This fatty
acid is the end-product of n-6 PUFA desaturation and elon-
gation. Although such a correlation does not imply a causal
role, the strength of the correlation despite small changes is
intriguing and further study into the role of n-6 docosapen-
taenoic acid (22:5n6) in metabolic processes is warranted.
Unfortunately, data regarding the relative amounts of this
fatty acid are lacking in the literature.

The VLDL fatty acid profile is strongly correlated with
the fatty acid profile within the liver as assessed by liver
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Fig. 1 Glucose (a, b) and insulin (¢, d) levels were well matched
during the clamps. The Rd did not change on the LFD (e) but
decreased significantly on the HFD (Rd-low p = 0.03, Rd-high
p = 0.05) (f). There was no difference in free fatty acid suppression
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biopsies [35]. On a balanced diet (30 % as fat and 55 %
as carbohydrate), approximately 15 % of the hepatic tri-
glyceride is derived from the diet [35]. We anticipated that
increasing the dietary contribution of saturated fatty acids
would lead to increased saturated fatty acids within the
liver and contribute to hepatic insulin resistance. However,
we observed changes in Rd, reflecting mainly uptake of
glucose into muscle, and no changes in measures of hepatic
insulin sensitivity.

Other possible mechanisms whereby increased dietary
fat intake decreases insulin sensitivity include decreases
in cell membrane responsiveness to insulin action through
decreases in binding affinity [36]. Others have reported an
exaggerated synthesis of ceramides from a HFD enriched
with saturated fatty acid (i.e., palmitic acid 16:0), which
might also induce insulin resistance [37]. While others
have proposed it is mediated by increases in inflammatory
cytokines [38], we did not observe any changes in inflam-
matory markers [28] and no associations between changes
in these markers and insulin sensitivity despite the very
high-saturated fat intake in our study (unpublished observa-
tions). This would argue against inflammation as a major
underlying mechanism.

In contrast to the findings on the HFD, no improvement
in insulin sensitivity was observed on the LFD. One possi-
ble explanation is that changes in insulin sensitivity on the
HFD were driven by the high-saturated fat content rather
than total dietary fat intake. If this were the case, the lack
of change in insulin sensitivity on the LFD may have been
due in part to the relatively small change in saturated fat
(11.9 % control to 7.7 % LFD). In contrast, the difference
in saturated fat content between the control diet and the
HFD (11.6-23.7 %) was quite large. In a previous study,
a high-saturated fat diet (17 % of energy from saturated
fat) reduced insulin sensitivity by 12.5 % after 3 months of
intervention in healthy subjects compared to baseline [39].
Our study was designed to compare a HFD with a LFD and
was not specifically designed to determine the effect of die-
tary saturated fat per se. Other iso-energetic feeding stud-
ies have compared high PUFA versus high saturated fat or
high MUFA versus saturated fat on insulin sensitivity [26,
39-42]. A single liquid meal high in PUFA improved post-
prandial insulin sensitivity as compared to a high-fat, high-
saturated fat meal [41]. Additionally, after 24 h, high-sat-
urated fat ingestion decreased insulin sensitivity compared
to both control and high-PUFA interventions [40]. Longer-
term studies showed increases in insulin sensitivity after 6
and 12 weeks on a diet containing large amounts of MUFA
compared to a high-carbohydrate or a high-saturated fat
diet [39, 42], and after 5 weeks on a diet high in PUFA ver-
sus saturated fat [26].

Another possible explanation for the finding that insu-
lin sensitivity did not improve in the LFD compared to

@ Springer

the control diet may be that the effect of dietary fat intake
on insulin sensitivity is not linear, or that there may be a
threshold effect that reduces insulin sensitivity only at very
high fat intake levels. It is possible that the LFD, which
by default contained higher carbohydrates, stimulated del-
eterious metabolic pathways that counterbalanced benefi-
cial effects leading to no net benefit. One such pathway is
hepatic de novo lipogenesis, which is known to be driven
by high carbohydrate intake. The increase we observed
in the proportion of VLDL palmitic (16:0) and stearic
(18:0) acids, both saturated fatty acids, on the LFD likely
reflects an increase in de novo lipogenesis [43]. There is
evidence that stearic acid (18:0) in the diet or as free fatty
acid induces insulin resistance [44]. Moreover, in a recent
cohort study, palmitic (16:0) and stearic (18:0) acids,
measured in plasma phospholipids, were positively asso-
ciated with incident type 2 diabetes [45]. In contrast, the
increase in VLDL palmitoleate (16:1n7c) observed on the
LFD might mediate insulin-sensitizing effects, in part due
to suppressing pro-inflammatory gene expression in white
adipose tissue which has been observed in mice [46]; how-
ever, there are conflicting data in humans [47, 48]. One
observational study found no difference in palmitoleate
acid (16:1n7c) content, measured in both plasma and
VLDL, in insulin-sensitive or insulin-resistant obese sub-
jects, which suggests that there is no association between
palmitoleate acid (16:1n7c) availability and insulin resist-
ance [47]. In a prospective study, decreasing content of
free fatty acid palmitoleate acid (16:1n7c) was associated
with improvement in insulin sensitivity after 1 year of a
lifestyle intervention; however, this effect was not inde-
pendent of lifestyle changes [48]. Therefore, any potential
benefit in insulin sensitivity associated with an increase in
palmitoleate acid (16:1n7c) could have been attenuated by
increases in palmitic (16:0) and stearic (18:0) acids result-
ing in no net benefit.

Despite the lack of effect on insulin sensitivity, the LFD
did result in an improvement in glucose tolerance. How-
ever, there were no changes in beta-cell function or insu-
lin sensitivity after the LFD. Moreover, we did not find
associations between improvement in glucose tolerance
with changes in AIRg or Rd after the LFD to explain this
finding.

The strengths of our study include the controlled diet
intervention, weight stability, measurement of abdominal
fat distribution, and the use of labeled clamps to measure
insulin sensitivity. There are some limitations to the pre-
sent study. While the HFD was designed to be high in satu-
rated fat, our study was designed to compare the effects of
a low- versus high-fat diet and not specifically designed to
compare saturated fat versus other types of fat. Thus, con-
clusions about the effect of the high saturated fat content
versus total fat content cannot be drawn. Second, because
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of the small sample size, small effects of the LFD on insu-
lin sensitivity and effects of both diets on secondary out-
come variables might have been missed. Third, we studied
subjects with normal glucose tolerance and normal liver
enzymes. Thus, our findings reflect relatively healthy over-
weight/obese adults who may be more able to quickly adapt
to changes in dietary lipid intake. The results therefore can-
not necessarily be extrapolated to individuals with impaired
glucose metabolism or diabetes. Additionally, by design
the HFD contained very high fat and saturated fat, which
is not typical of a diet consumed by free-living individuals.
Total fat and saturated fats contribute about 33 and 10 % of
energy to the North American diet, respectively [49]. How-
ever, even though this amount of fat is not typically con-
sumed by the general population, our findings do demon-
strate that dietary fat can impact insulin sensitivity. Finally,
the complexity of dietary composition manipulation does
not permit matching of all nutrients. While maintaining
protein intake stable, as dietary fat content decreases, car-
bohydrate content increases and vice versa. The very low
carbohydrate content on the HFD also prevented matching
of fructose content, although this was limited in all diets.
The higher fructose content in the LFD is unlikely to have
impacted our results as the average difference between the
control and LFD diet was only 12 g per day and both were
relatively low in fructose. We did match fiber intake as this
has been shown to affect glucose metabolism [50].

Conclusions

Based on a significant decrease in insulin sensitivity after
a diet very high in fat and saturated fat, we conclude that
such a diet may be detrimental for glucose homeostasis
and could contribute to the development of type 2 diabe-
tes. While the low-fat, low-saturated fat diet did improve
intravenous glucose tolerance (Kg), we failed to observe
any improvement in insulin sensitivity. We hypothesize that
this could be related to counterbalancing effects of higher
carbohydrate intake driving de novo synthesis of detrimen-
tal fatty acids.
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