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Background & aims: Metabolic flexibility is the ability to adapt fuel oxidation to fuel availability. Meta-
bolic inflexibility has been associated with obesity, the metabolic syndrome and insulin resistance, and
can be improved by exercise or weight loss. Dietary changes can modulate metabolic flexibility; however,
the effect of a whole diet approach on metabolic flexibility has never been studied. Therefore, our
objective was to assess the effect of a healthy diet (HD), as compared to a typical Western diet (WD), on
several fasting and postprandial markers of metabolic flexibility and insulin sensitivity.
Methods: In this parallel randomized trial, overweight or obese men and women (50e70 years; BMI 25
e35 kg/m2) consumed a healthy diet (HD; high in fruits and vegetables, pulses, fibers, nuts, fatty fish, and
low in high-glycemic carbohydrates; n ¼ 19) or a typical Western diet (WD; n ¼ 21) for six weeks,
following a two-week run-in period. The change in respiratory quotient upon insulin stimulation (DRQ),
and insulin sensitivity, expressed as the M-value, were both determined with a hyperinsulinemic
euglycemic clamp. Additionally, other fasting and postprandial markers of metabolic flexibility were
assessed during a 5-h high-fat high-glycemic mixed meal challenge.
Results: DRQ (p ¼ 0.730) and insulin sensitivity (p ¼ 0.802) were not significantly affected by diet.
Postprandial RQ did also not show significant differences (p ¼ 0.610), whereas postprandial glucose
excursions were significantly higher in the HD group at T30 (p ¼ 0.014) and T45 (p ¼ 0.026) after mixed
meal ingestion (p ¼ 0.037). Fasting glucose (p ¼ 0.530) and HbA1c (p ¼ 0.124) remained unchanged,
whereas decreases in fasting insulin (p ¼ 0.038) and the HOMA-IR (p ¼ 0.050) were significantly more
pronounced with the HD.
Conclusion: A healthy diet for six weeks, without further life-style changes, did not improve metabolic
flexibility and whole-body insulin sensitivity, when compared to a Western-style diet. It remains to be
determined whether the short time increase in postprandial glucose is physiologically relevant or
detrimental to metabolic health.
This trial was registered at clinicaltrials.gov as NCT02519127.

© 2019 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
1. Introduction infirmity, health has been defined as the ability to cope with daily
Nutrition research aims at improving health and preventing
diseases. Implying more than merely the absence of disease or
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challenges [1], also called phenotypic flexibility. This concept is also
established in nutrition research as metabolic flexibility, which is
the capacity of the body to match fuel oxidation to fuel availability,
reflecting the ability to switch between the main energy substrates
carbohydrates and fats [2,3]. Typically, metabolic flexibility is
expressed as the change in respiratory quotient (DRQ) from fasting
to insulin-stimulated or postprandial conditions and can be
measured by indirect calorimetry [3,4]. Our interest in metabolic
flexibility derives from the hypothesis that dynamic physiological
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responses to a challenge are more indicative of health than the
more common baseline measurements of the homeostatic state
only [1].

Indeed, metabolic flexibility has been shown to play an impor-
tant role in metabolic health, and impaired metabolic flexibility has
been associated with obesity, the metabolic syndrome, insulin
resistance and diabetes [5e8]. The fundamental determinants of a
reduced metabolic flexibility are a decreased fat oxidation in the
fasting state, as reflected by a higher fasting RQ, and/or a decreased
insulin-stimulated glucose oxidation, and is often accompanied by
an impaired suppression of free fatty acid release (lipolysis) in
response to insulin [9]. Metabolic flexibility can be improved by
lifestyle changes such as exercise, caloric restriction and weight
loss, in combination with healthier eating patterns [10,11]. Malin
et al. [12] found a positive effect on metabolic flexibility by
replacing refined grain with whole grain products for eight weeks
with a comparable macronutrient intake in both intervention
groups. However, whether a whole diet approach, without further
life style changes, can improvemetabolic flexibility, still needs to be
determined [13,14]. Therefore, we composed a healthy diet (HD),
comprising nutrients which have been shown to improve glycemic
control and/or to reduce metabolic syndrome risk factors. The HD
was high in fruits and vegetables [15], pulses [16], legumes [17],
fibers [18], nuts [19], fatty fish and polyunsaturated fatty acids [20],
and low in high-glycemic carbohydrates [21] and saturated fatty
acids [22]. We assessed the effect of the HD, as compared to a more
common Western diet (WD), on the DRQ upon insulin stimulation,
and on insulin sensitivity, determined with a hyperinsulinemic
euglycemic clamp. Focusing on the dynamic physiological re-
sponses, other markers of metabolic flexibility were measured not
only in the fasting state, but also postprandially with a 5-h mixed
meal challenge. Based on the phenotypic flexibility principle, we
hypothesized that the HD, compared to the WD, would improve
DRQ, insulin sensitivity, and the other fasting and postprandial
markers of metabolic flexibility.

2. Methods

2.1. Participants

In total, 64 participants were recruited via advertisement in
local newspapers in and around Maastricht and assessed for eligi-
bility. Forty-five participants were randomly assigned to one of the
diet groups and 40 middle-aged (50e70 years) healthy, but over-
weight or obese (body mass index (BMI) 25e35 kg/m2) men (waist
circumference >94 cm, n ¼ 19) and women (waist circumference
>80 cm, n ¼ 21) completed the study and were included in the
analyses. Participants were considered to be healthy when they did
not have any medical condition which might have affected the
study measurements, i.e. metabolic disorders, including type 1 and
type 2 diabetes, gastrointestinal dysfunction, gastrointestinal sur-
gery or inflammatory diseases. Participants with a fasting plasma
Fig. 1. Study design an
glucose of >6.9 mmol/l were also excluded. Further exclusion
criteria were smoking, shift work, excessive alcohol consumption
(>7 consumptions per week), medically prescribed diets, slimming
diets, being vegetarian, doing more than 2.5 h of moderate to
vigorous physical activity per week, reported weight loss or gain of
>10% in the past 6 months, and medication which could have
interferedwith the study measurements. All participants gave their
written informed consent prior to the start of the study. The study
was conducted according to the guidelines stated in the Declaration
of Helsinki and the protocol was approved by the medical ethical
committee of Maastricht University Medical Centreþ (MUMCþ)
and registered at www.clinicaltrials.gov as NCT02519127.

2.2. Study design

This study was a parallel-designed randomized trial with two
intervention groups. All participants received theWDduring a two-
week run-in period to minimize nutritional differences at the start
of the intervention, and to stay close to the general Dutch eating
habits [23]. After the run-in period, all participants underwent two
different test days in randomized order, separated by two days in
which the WD was still followed. On one of the test days, a
hyperinsulinemic euglycemic clamp was carried out to assess DRQ
and insulin sensitivity. On the other test day, a 5-h mixed meal
challenge was performed to assess other fasting and postprandial
markers of metabolic flexibility. Thereafter, participants were
allocated to either the WD or the HD for six weeks. Randomization
was based on a computer-generated stratified (men, women and
couples) randomization scheme. Participants were asked to visit
the test facility weekly to discuss the diets and meal plans with a
research dietician, to have their weight and waist circumference
monitored, and to receive the required food products. In addition to
the weekly appointments, participants were asked to monitor their
daily food intake and to fill in a detailed 3-day food dairy during the
run-in period and in the final week of the intervention. At the end
of the study, the mixed meal challenge and the clamp were
repeated in the same order as during the run-in period, separated
by two days in which participants followed the allocated diet. A
schematic overview of the study design is shown in Fig. 1.

2.3. Diets

For each participant, energy intake was estimated using the
Harris-Benedict formula adjusted with a physical activity level of
1.40, which reflects the activity within a sedentary or light activity
lifestyle [24,25]. The outcome was translated into dietary guide-
lines for each participant. The guidelines included the types and
amounts of foods they were allowed to consume, example menus
and recipes. For both the WD and the HD, a standard set of food
products was provided on a weekly basis, providing approximately
50% of the total energy intake and taking individual food prefer-
ences into account. The rest of the products had to be bought by the
d measurements.
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participants according to the dietary guidelines. Alcohol con-
sumption was restricted to one beverage per day. Participants were
instructed to adhere to their recommended energy intake in order
to maintain body weight throughout the study. In case of weight
loss or gain, the research dietician provided additional counseling
and energy intake was adjusted if necessary. Main differences be-
tween the two diets were the amount and type of carbohydrates
and the fatty acid composition. The HD contained more fruits and
vegetables, especially fruits and vegetables rich in polyphenols,
legumes, fibers, nuts, whole grain products, (fatty) fish, poly-
unsaturated fatty acids and protein, and less sodium, mono- and
disaccharides, high-glycemic carbohydrates and saturated fatty
acids than the WD. The target nutrient amounts for both diets are
shown in Supplementary Table 1.

2.4. Test days and measurements

Participants were asked to refrain from physical activity and
from the consumption of alcoholic drinks two days prior to both
test days. On the evening before both test days, participants were
instructed to consume a standardized dinner and to abstain from
any other foods and drinks, except for water, after 10 PM. The
standardized dinner was the same for both intervention groups at
the end of the run-in period and consisted of a commercially
available ready-to-eat meal and dessert (761 kcal, 106 g carbohy-
drates, 25 g fat and 28 g protein). Themeal differed for the HD at the
end of the intervention period (682 kcal, 71 g carbohydrates, 26 g
fat and 41 g protein), reflecting the targeted differences in macro-
nutrient composition between the diets.

2.4.1. Hyperinsulinemic-euglycemic clamp
After an overnight fast, participants came to the test facility at

the University in Maastricht, where their weight and waist
circumference were measured. To measure peripheral insulin
sensitivity, a 2.5-h 1-step hyperinsulinemic-euglycemic clamp was
performed as described previously [26]. Before starting the clamp,
two cannulas were inserted, one for withdrawing venous blood and
one for simultaneous infusion of insulin (40 mU/m2/min) and
glucose (20%) during the clamp. Throughout the whole clamp, a
small amount of blood was withdrawn every 5e10 min to contin-
uously determine the plasma glucose concentrations. The glucose
infusion rate (GIR) was adjusted to maintain a stable plasma
glucose level of 5 mmol/l and to determine insulin sensitivity based
on the calculated M-value (mg/kg/min). Fasting and insulin-
stimulated indirect calorimetry was performed for 30 min each
with an automated ventilated hood system (Omnical, Maastricht
Instruments, Maastricht University, the Netherlands) to measure
the respiratory quotient [27] in the fasting and insulin-stimulated
state. DRQ was calculated by subtracting the mean insulin-
stimulated RQ of 30 min (T120e150) by the mean fasting RQ of
30 min (T�30-0). Carbohydrate and lipid oxidationwere calculated
as described previously [28]. Additional blood sampling was done
to measure fasting (T0) and insulin-stimulated (T30, T60, T90, T120
and T150) FFA concentrations.

2.4.2. Mixed meal challenge
After an overnight fast, participants came to the test facility at

the University in Maastricht, and a cannula was inserted in the
antecubital vein for collecting a fasting blood sample. The fasting
RQ (T�30-0) was measured as before the clamp. After this baseline
measurement, participants were asked to consume a test meal in
the form of a shake, resembling the composition of a mixed meal
(Supplementary Table 2), within 10 min. As previously described,
an optimal nutritional challenge contains predominantly fat
(50e60 E%), but also high-glycemic carbohydrates and protein to
activate more metabolic pathways with only one meal for assessing
a broader range of metabolic markers [29]. The composition of the
shake was the same for all participants, regardless of their
randomization. After consuming the shake, participants were asked
not to eat or drink, except for water, for 5 h. Postprandial blood
samples were taken at T15, T30, T45, T60, T90, T120, T180, T240 and
T300 min after shake consumption. Indirect calorimetry was per-
formed at five different time intervals after shake consumption,
namely T30e60, T90e120, T150e180 and T240e300 min to
monitor changes in the postprandial RQ.

2.4.3. Twenty-four-hour glucose monitoring
At the end of the run-in and the intervention period, glucose

levels were monitored with a continuous glucose monitor iPRO™2
(Medtronic, Maastricht, The Netherland) for 24 h as described
earlier [30]. A needle-shaped sensor was inserted subcutaneously
beside the navel to measure glucose concentrations in the inter-
stitial fluid every 5 min. The measured concentrations were cor-
rected for blood glucose levels, which were measured by the
participants at home four times per day using a hand glucose meter
(ACCU-CHEK, Roche Diabetes Care GmbH, Mannheim, Germany).
Based on the 24-h glucose measurement, mean 24-h glucose levels,
time of hyperglycemia, and intra-day glycemic variability were
calculated. Hyperglycemia was defined as glucose levels increasing
more than 1.5 mmol/l above the mean 24-h glucose levels. In order
to assess intra-day glycemic variability, the continuous overall net
glycemic action (CONGA) method was used as described earlier
[31].

2.4.4. Physical activity monitoring
At the end of the run-in and intervention period, subjects were

also asked to wear an activity monitor (activPAL, PAL Technologies
Ltd, Glasgow, UK) for five consecutive days, including twoweekend
days. The activPAL is a small flat device which is attached directly to
the skin on the anterior thigh, and thus can be worn under regular
clothing. The activPAL monitored physical activity based on the
average number of steps taken per day [32]. To determine differ-
ences in body composition, the deuterium dilution method was
used before and after the intervention [33].

2.5. Blood sampling and analysis

Blood was sampled in serum, NaF- and EDTA-containing vacu-
tainer tubes (Beckton Dickinson, Breda, the Netherlands). The
serum tubes were left for clotting for at least 30 min after sampling
andwere then centrifuged at 3000 rpm at 20 �C for 10min. The NaF
and EDTA tubes were cooled on ice directly after sampling andwere
centrifuged at 3000 rpm for 10 min at 4 �C within 30 min after
sampling. Following centrifugation, the obtained serum and plasma
samples were directly frozen in liquid nitrogen and subsequently
stored at �80 �C until later analysis.

All samples from the same participant were analyzed within the
same analytical run at the end of the study. From the mixed meal
challenge and the clamp, fasting glucose was measured in NaF-
plasma (Horiba ABX, Montpellier, France) and fasting insulin was
determined with a human insulin-specific radioimmunoassay (RIA)
kit (Linco Research, Missouri, USA). Postprandial glucose and in-
sulin were only sampled during the mixed meal challenge and
measured in the same way as the fasting plasma samples. Fasting
and insulin-stimulated/postprandial plasma free fatty acids (WAKO
Chemicals, Neuss, Germany) were measured from both test days.
Serum concentrations of related metabolites and all fasting amino
acids were determined by nuclear magnetic resonance as described
by Mihaleva et al. [34].



Table 1
Subjects’ baseline characteristics before the run-in period.a

WD (n ¼ 21) HD (n ¼ 19)

Age (years) 60.6 ± 1.50 62.2 ± 1.28
Sex (m/f) 10/11 9/10
Height (m) 1.71 ± 0.02 1.71 ± 0.02
Weight (kg) 86.2 ± 2.47 85.4 ± 1.95
BMI (kg/m2) 29.5 ± 0.60 29.2 ± 0.57
Waist circumference (cm) 104 ± 2.15 102 ± 2.33
Fasting glucose (mmol/l) 5.85 ± 0.16 5.51 ± 0.09
Fasting FFA (mmol/l) 342 ± 142 383 ± 174

a Data is expressed as means ± SEM. FFA: free fatty acids; HD: healthy diet; WD:
Western diet.
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2.6. Statistical analysis

The power calculationwas based on the change in DRQ during a
hyperinsulinemic euglycemic clamp as primary outcome measure.
Before the start of the study, it was calculated that 16 participants
were needed to reach a power of 80% to detect a true difference of
0.04 in DRQ [35]. For these calculations, a two-sided alpha of 0.05
and a standard deviation of 0.04 were used. With an expected
dropout rate of 30%, 21 participants per group were recruited. Due
to the randomization scheme, which allowed us to allocate couples
to the same diet group, we ended upwith 21 participants in theWD
and 19 participants in the HD group.

Statistical analyses were performed using the statistical soft-
ware package SPSS 24.0 for Mac OS X (SPSS Inc., Chicago, IL, USA).
Results are presented as means and standard errors of the means
(SEMs). For the primary outcome parameter, the differences be-
tween the HD and WD group in the diet-induced change in DRQ
before and after the intervention were assessed by a one-way
ANCOVA with baseline values of the outcome variable as covari-
ate. The same method was used for the secondary outcome pa-
rameters, i.e. insulin sensitivity and all fasting markers of metabolic
flexibility.

A repeated measures linear mixed model was used to examine
the effect of diet on the overall changes in the postprandial plasma/
serum marker profiles measured during the mixed meal challenge
before and after the diet intervention: (post WD-pre WD) vs (post
HD-Pre HD). In all models, diet was added as a categorical variable
with 4 levels (preWD, postWD, pre HD and post HD). Also, the time
point - or the time interval for the RQmeasurement - relative to the
start of the mixed meal was treated as a categorical variable. All
models contained diet, time and the diet*time interaction as fixed
factors. Subject code was added as random factor. Sex, BMI and age
could enter the model as covariates. To correct for differences at
baseline, the response at baseline (T0) could enter the model as
continuous variable. Changes at specific time points were extracted
from the diet*time-group interaction.

The best fitting model for each response variable was selected
based on the Bayesian Information Criterion (BIC) as a goodness of
fit criterion. The model with the smallest BIC was chosen after
assessing all possible predictor combinations (BMI, sex and age).
The correlations between the observations within a series of
measurement over time in the same subject were considered by the
model. The same was true for the correlated observations before
and after the same diet.

For fasting and postprandial testing, differences were consid-
ered statistically significant at a two-sided significance level of
p < 0.05. The estimated differences and the 95% confidence in-
tervals of these differences are reported.

3. Results

3.1. Baseline characteristics and compliance

The participant's baseline characteristics are shown in Table 1.
After the screening visit, 19 participants were excluded, and 45
participants were eligible for participation. During the run-in
period, 5 participants discontinued the study either due to diffi-
culties with diet compliance (2 males and 1 female) or for non-
study related reasons (2 males). Based on the study conduct re-
view by the study team, all 40 participants were considered to be
compliant and therefore included in the analysis (Supplemental
Fig. 1). Compliance criteria were adherence to the medication re-
strictions stated in the inclusion criteria, adherence to the diets as
judged by the study dietician, and bodyweightmaintenancewithin
a range of ±5% during the six-weeks intervention period. Mean
weight changes were �1.19 ± 0.30 kg (�1.5%) with the HD
and þ0.05 ± 0.16 kg (þ0.1%) in the WD group, without differences
in fat mass (p ¼ 0.247) and fat free mass (p ¼ 0.157). Waist
circumference decreased by �0.36 ± 0.22 cm (�0.4%) in the HD
group and by�0.17 ± 0.47 cm (�0.1%) in theWD group (p¼ 0.692).
Changes in weight were significantly different between the diet
groups (p ¼ 0.001), but individual differences in weight
(�3.2e1.9 kg) stayed within an acceptable range of <5%. Physical
activity, based on the number of daily steps, was not significantly
different between the diets (HD þ608 ± 887 vs WD þ107 ± 450
steps, p ¼ 0.427). In addition to the anthropometric compliance
markers, urinary sodium and potassium concentrations were
measured. Reflecting the lower sodium content of the HD, urinary
sodium significantly decreased in this group, compared to the WD
(HD -28.2 ± 6.79 mmol/l vs WD þ9.22 ± 7.30 mmol/l, p ¼ 0.001).
Changes in urinary potassium concentrations were not significant
(HD þ5.36 ± 6.34 mmol/l vs WD þ3.93 ± 9.25 mmol/l, p ¼ 0.300).
3.2. Nutrient intake

During the run-in period, no significant differences in energy
and nutrient intakes between the WD and HD groups were
observed. Energy intake and total fat intake remained comparable
between the groups during the whole intervention period. Diet-
related changes in nutrient intakes were as intended and are
shown in Table 2.
3.3. Fasting RQ and metabolic flexibility (DRQ) during the clamp

When compared to the WD, fasting RQ, as measured before the
start of the clamp, was not significantly affected in the HD group
(p ¼ 0.472, Table 3). Consistently, no significant diet effect was
found in fasting lipid (p ¼ 0.661) and carbohydrate (p ¼ 0.311)
oxidation (Table 3). Metabolic flexibility (DRQ) was not significantly
different between the diet groups (p ¼ 0.730, Table 3). In agree-
ment, the insulin-induced stimulation of carbohydrate oxidation
(p ¼ 0.493), as well as the insulin-induced inhibition of fat oxida-
tion (p ¼ 0.848) were not significantly different between the two
groups (Table 3).
3.4. Insulin sensitivity as determined by the clamp

Insulin sensitivity, as expressed as the M-value, did not signifi-
cantly differ between the two diet groups (p ¼ 0.802). Fasting
plasma FFA remained comparable between diets (p ¼ 0.906,
Table 3), and the insulin-induced suppression of FFA, reflecting
adipose tissue insulin sensitivity, was not affected by the inter-
vention (p ¼ 0.322, Fig. 2A,B).



Table 2
Daily nutrient intake with the healthy diet and the Western diet at the end of the run-in period and at the end of the intervention.a

WD (n ¼ 21) HD (n ¼ 19) TREATMENT EFFECTb

Run-in Intervention Run-in Intervention Mean differences 95% CI p-value

Energy (kcal) 2195 ± 85.6 2165 ± 78.4 2164 ± 82.1 2190 ± 99.5 42.9 ± 107 �174e259 0.690
Total carbohydrates (E%) 49.3 ± 0.64 47.8 ± 0.73 49.0 ± 0.76 39.7 ± 0.77 �8.00 ± 1.06 �10.2e�5.84 <0.001
Mono- and disaccharides (E%) 23.1 ± 0.61 22.1 ± 0.64 22.1 ± 0.46 14.7 ± 0.79 �7.23 ± 1.03 �9.31e�5.14 <0.001
Polysaccharides (E%) 26.0 ± 0.46 25.6 ± 0.46 26.7 ± 0.48 24.1 ± 0.56 �1.64 ± 0.72 �3.09e�0.18 0.029

Fiber (g) 20.2 ± 0.70 18.4 ± 0.84 19.7 ± 0.65 43.0 ± 2.18 25.9 ± 2.15 21.5e30.3 <0.001
Total fat (E%) 34.4 ± 0.43 35.1 ± 0.71 34.9 ± 0.82 35.7 ± 0.84 0.79 ± 1.09 �1.42e3.00 0.473
Saturated fatty acids (E%) 15.5 ± 0.29 15.8 ± 0.49 15.7 ± 0.38 7.88 ± 0.24 �7.98 ± 0.56 �9.12e�6.84 <0.001
Monounsaturated fatty acids (E%) 11.3 ± 0.27 11.8 ± 0.28 11.6 ± 0.35 14.3 ± 0.62 2.57 ± 0.67 1.21e3.92 <0.001
Polyunsaturated fatty acids (E%) 4.64 ± 0.14 4.51 ± 0.16 4.54 ± 0.23 10.0 ± 0.21 5.51 ± 0.26 4.98e6.05 <0.001
Alpha-linolenic acid (mg) 917 ± 39.2 983 ± 67.8 908 ± 36.4 3416 ± 172 2438 ± 182 2067e2808 <0.001
Eicosapentaenoic acid (mg) 24.2 ± 1.76 27.4 ± 2.74 23.9 ± 2.31 286 ± 41.9 259 ± 41.2 176e343 <0.001
Docosahexaenoic acid (mg) 17.9 ± 2.92 25.8 ± 4.48 16.7 ± 2.56 418 ± 73.6 390 ± 72.3 243e537 <0.001
Linoleic acid (g) 9.31 ± 0.52 8.81 ± 0.49 8.82 ± 0.51 20.3 ± 1.16 11.7 ± 1.24 9.16e14.2 <0.001

Cholesterol (mg) 190 ± 11.9 182 ± 11.8 188 ± 12.9 148 ± 11.1 �33.4 ± 15.1 �64.1e�2.70 0.034
Total protein (E%) 13.5 ± 0.21 13.6 ± 0.21 13.2 ± 0.31 19.5 ± 0.40 5.94 ± 0.45 5.02e6.86 <0.001

a Data is expressed as means ± SEM.
b Mean difference in the change between the HD and WD groups ((HD intervention - HD run-in) e (WD intervention- WD run-in)) with 95% confidence interval obtained

from a one-way ANCOVA with the run-in value as covariate. HD: healthy diet; WD: Western diet.

Table 3
Markers of metabolic flexibility after the run-in period and the six-week interventions with the healthy diet or the Western diet.a

WD (n ¼ 21) HD (n ¼ 19) TREATMENT EFFECTb

Run-in Intervention Run-in Intervention Mean differences 95% CI p-value

Substrate oxidation
DRQClamp 0.10 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.01 ± 0.02 �0.03e0.04 0.730
DCHO oxidationClamp (g/min) 0.11 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.02 0.01 ± 0.02 �0.02e0.05 0.493
DFat oxidationClamp (g/min) �0.04 ± 0.00 �0.04 ± 0.01 �0.03 ± 0.00 �0.04 ± 0.00 0.00 ± 0.01 �0.01e0.01 0.848
RQClamp 0.80 ± 0.01 0.80 ± 0.01 0.81 ± 0.01 0.79 ± 0.01 �0.01 ± 0.01 �0.04e0.02 0.472
CHO oxidationClamp (g/min) 0.11 ± 0.01 0.10 ± 0.02 0.11 ± 0.02 0.09 ± 0.01 �0.02 ± 0.02 �0.05e0.02 0.311
Fat oxidationClamp (g/min) 0.08 ± 0.00 0.08 ± 0.00 0.07 ± 0.00 0.08 ± 0.00 0.00 ± 0.01 �0.01e0.01 0.661
FFAClamp (mmol/l) 482 ± 31.2 521 ± 41.6 434 ± 25.0 487 ± 28.7 �5.63 ± 47.2 �101e89.9 0.906
RQMM 0.81 ± 0.01 0.83 ± 0.01 0.84 ± 0.01 0.81 ± 0.01 �0.04 ± 0.02 �0.07e0.00 0.042
CHO oxidationMM (g/min) 0.11 ± 0.02 0.13 ± 0.02 0.15 ± 0.01 0.11 ± 0.01 �0.04 ± 0.02 �0.08e�0.00 0.031
Fat oxidationMM (g/min) 0.07 ± 0.00 0.06 ± 0.01 0.06 ± 0.00 0.07 ± 0.00 0.01 ± 0.01 0.00e0.03 0.056
FFAMM (mmol/l) 445 ± 32.1 421 ± 35.3 394 ± 20.4 387 ± 37.8 3.86 ± 44.6 �86.4e94.1 0.931
GlycerolMM (mmol/l) 118 ± 11.7 97.6 ± 7.35 96.6 ± 7.83 107 ± 13.5 23.7 ± 14.0 �4.73e52.2 0.099

Glucose metabolism and insulin sensitivity
Glucose (mmol/l) 5.53 ± 0.11 5.55 ± 0.11 5.36 ± 0.11 5.43 ± 0.11 0.04 ± 0.06 �0.08e0.16 0.530
Insulin (mU/ml) 15.1 ± 2.37 13.2 ± 0.98 10.6 ± 0.90 9.66 ± 0.76 �2.27 ± 1.06 �4.41e�0.13 0.038
HOMA-IR 3.80 ± 0.68 3.31 ± 0.28 2.53 ± 0.23 2.34 ± 0.20 �0.59 ± 0.29 �1.18e0.001 0.050
M-value (mg/kg/min) 6.02 ± 0.37 6.03 ± 0.37 6.65 ± 0.66 6.34 ± 0.56 �0.11 ± 0.45 �1.01e0.79 0.802
HbA1c (%) 5.54 ± 0.07 5.45 ± 0.05 5.44 ± 0.08 5.31 ± 0.07 �0.09 ± 0.06 �0.22e0.03 0.124
Fructosamines (mmol/l) 219 ± 5.70 216 ± 6.05 216 ± 4.85 218 ± 4.32 2.65 ± 7.54 �12.6e17.9 0.727
24-h glucose (mmol/l) 5.85 ± 0.17 5.70 ± 0.09 5.63 ± 0.15 5.73 ± 0.16 0.13 ± 0.19 �0.25e0.51 0.494
Time of hyperglycemia# (min) 76.1 ± 16.1 54.2 ± 14.2 73.2 ± 16.0 49.1 ± 10.4 1.16 ± 15.1 �29.7e32.0 0.939
CONGA-1 5.34 ± 0.17 5.18 ± 0.09 5.09 ± 0.17 5.36 ± 0.14 0.28 ± 0.17 �0.08e0.64 0.118
CONGA-2 5.25 ± 0.17 5.07 ± 0.09 5.02 ± 0.16 5.25 ± 0.15 0.29 ± 0.18 �0.08e0.66 0.115
CONGA-4 5.19 ± 0.16 5.04 ± 0.08 4.97 ± 0.16 5.15 ± 0.16 0.22 ± 0.16 �0.12e0.56 0.191

CHO: carbohydrate; CONGA: Continuous overall net glycemic action; DRQ: metabolic flexibility; FFA: free fatty acids; HD: healthy diet; MM: Mixed meal; RQ: respiratory
quotient; WD: Western diet.

a Data is expressed as means ± SEM.
b Mean difference in the change between the HD and WD groups ((HD intervention e HD run-in) e (WD intervention- WD run-in)) with 95% confidence interval obtained

from a one-way ANCOVAwith the run-in value as covariate. #Hyperglycemia was defined as glucose concentrations exceeding 1.5 mmol/l above the 24-h mean glucose value.
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3.5. Fasting and postprandial RQ during the mixed meal challenge

Fasting RQ measured before the mixed meal ingestion (T-30-T0)
was significantly different between the two intervention groups
with a more pronounced reduction in the HD group (p ¼ 0.042,
Table 3). In agreement, the HD reduced fasting carbohydrate
oxidation when compared to the WD (p ¼ 0.031, Table 3). Fat
oxidation in the fasting state increased with the HD, but this dif-
ference did not reach statistical significance (p ¼ 0.056, Table 3).
Although postprandial RQ was lower in the HD group throughout
the mixed meal challenge, this difference was not significant when
adjusting for the observed differences in fasting RQ (p ¼ 0.610,
Fig. 3A,B). Consistently, postprandial carbohydrate (p ¼ 0.657) and
fat oxidation (p ¼ 0.468) were also not significantly different be-
tween the diets (data not shown).

3.6. Fasting and postprandial glucose and insulin during the mixed
meal challenge

When compared to the WD, changes in fasting glucose
(p ¼ 0.530), fasting glycated hemoglobin (p ¼ 0.124) and fructos-
amines (p ¼ 0.727) were not significantly affected in the HD group
(Table 3). Changes in fasting insulin levels were significantly
different between the groups with a smaller reduction in the HD
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Fig. 3. (A) RQ, (C) glucose and (E) insulin measured during the 5-h mixed meal challenge after the run-in period and the six-week interventions with the WD and the HD, and the
correspondingdiet-induced changes (intervention - run-in) in (B)RQ, (D) glucose and (F) insulin. Data is expressedasmeans± SEMand analyzedwith a repeatedmeasures linearmixed
model. *Diet*time interaction is significant. The p-value shows the overall diet effect (change HD vs change WD). HD: healthy diet; RQ: respiratory quotient; WD: Western diet.

Fig. 2. (A) Fasting (t ¼ 0) and insulin-stimulated (t ¼ 30e150) FFAs after the run-in period and the six-week interventions with the WD and the HD. (B) Diet-induced changes (inter-
vention - run-in) in FFAs. Data are shown as means ± SEM. FFAwere analyzed with a repeated measures linear mixed model. FFA: free fatty acids; HD: healthy diet; WD:Western diet.
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group compared to theWD (p ¼ 0.038, Table 3). As a result, HOMA-
IR was also significantly different between the groups, with a more
pronounced decrease in the HD group compared to the WD
(p ¼ 0.050, Table 3).
Changes in postprandial glucose profiles were significantly
affected by diet (p ¼ 0.037, Fig. 3C,D). In particular, plasma glucose
levels at T30 (p ¼ 0.014) and T45 (p ¼ 0.026) after meal ingestion
increased more in the HD group. Changes in postprandial plasma
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insulin levels were not significantly different between the groups
(p ¼ 0.872, Fig. 3E,F).

3.7. Mean 24-h glucose, time of hyperglycemia and glucose
variability

Average 24-h glucose levels were not significantly different
between the diet groups (p ¼ 0.494, Table 3). Also, the time of
hyperglycemia was not significantly affected by diet (p ¼ 0.939,
Table 3). Intra-day glycemic variability did not differ significantly
between the diet groups when considering 1, 2 or 4 h (CONGA1,
CONGA2, CONGA4, respectively, Table 3) between glucose
measurements.

3.8. Additional markers of metabolic flexibility during the mixed
meal challenge

Fasting FFA (p ¼ 0.931) and glycerol (p ¼ 0.099) did not show a
significant diet effect (Table 3). These markers of lipolysis both
decreased upon meal ingestion, however, the change in post-
prandial FFA (p ¼ 0.314) and glycerol (p ¼ 0.249) levels were not
significantly different between the diets (data not shown). Fasting
b-hydroxybutyrate (p ¼ 0.031), a-hydroxybutyrate (p ¼ 0.002) and
isobutyrate (p ¼ 0.007) were significantly different between the
diet groups, with an increase in the HD compared to a decrease in
the WD group (Supplementary Table 3). Also, a higher increase in
acetate levels (p ¼ 0.002) was observed with the HD compared to
the WD. The other ketone bodies acetoacetate (p ¼ 0.059) and
acetone (p ¼ 0.054) also increased more with the HD, but the diet
differences were not significant. Furthermore, we observed a
decrease in fasting lactate (p ¼ 0.003) and pyruvate levels
(p < 0.001) with the HD compared to increases in the WD group
(Supplementary Table 3). The results of all measured related me-
tabolites, amino acids and peptides are also shown in
Supplementary Table 3.

4. Discussion

Opposite to our hypothesis, a healthy diet for six weeks did not
affect DRQ and insulin sensitivity as measured by the clamp.
However, decreases in fasting insulin levels and HOMA-IR, and
changes in fasting markers of energy metabolism were detected.
Also, unexpected increases in the postprandial glucose profile were
observed during a 5-h mixed meal challenge.

Metabolic inflexibility is often described as an impaired fat
oxidation under fasting conditions and/or an impaired glucose
oxidation in the postprandial or insulin stimulated state. Here, we
assessed metabolic flexibility by measuring fuel oxidation in both
metabolic states during a clamp and a mixed meal challenge.
Goodpaster et al. [36] found improvements in the capacity for fat
oxidation in the fasting state and for glucose utilization in the
insulin-stimulated state in obese subjects after weight loss, induced
by energy restriction and exercise. Solomon et al. [37] found sig-
nificant improvements in metabolic flexibility and glycemic control
in obese subjects, irrespective of their diet allocation to either a
low-glycemic or a high-glycemic diet, both combined with a three-
months exercise program and subsequent weight loss. We here
show that a six-week dietary intervention without exercise and
weight loss did not affect DRQ, suggesting that the qualitative
changes in the macronutrient composition were not sufficient to
improve metabolic flexibility. In a previous study, we found a
decrease in metabolic flexibility after following a high fat (55 E%)
diet with a very low carbohydrate (30 E%) content compared to a
low-fat (20 E%) diet with a high carbohydrate (65 E%) content [35].
Another study by Kahlh€ofer et al. [38] showed that after a period of
caloric restriction, postprandial metabolic flexibility was unaffected
by refeeding with 50 E% carbohydrates but was clearly impaired
with 65 E% carbohydrates. These results show that metabolic
flexibility can be decreased by extreme nutrient changes resulting
in high fat or high carbohydrate diets. We demonstrated that the
subtle replacement of 10 E% carbohydrates with dietary protein and
replacing 7 E% of saturated with unsaturated fatty acids, as well as
doubling the amount of fiber was not successful in improving
metabolic flexibility. However, human studies using whole diet
approaches to assess the impact of nutrient quality and quantity on
metabolic flexibility are currently lacking.

Consistent with a lack of effect on metabolic flexibility, we did
not find significant diet differences in fasting RQ before the start of
the clamp. However, the fasting RQ before the mixed meal was
significantly different between the diets with lower values in the
HD group. Why fasting RQ changed differently in the two mea-
surement days is not clear, as the fasting conditions of the partic-
ipants before the measurements were identical. Possibly, technical
limitations of gas exchange analyses may have increased mea-
surement variability [39]. Therefore, to obtain a more complete
metabolic profile, other markers of substrate oxidation were
measured in the fasting state. Pyruvate and lactate levels were
lower with the HD compared to the WD before the mixed meal,
while levels of fasting plasma b-hydroxybutyrate, a-hydrox-
ybutyrate, isobutyrate and acetate were higher. As these increased
plasma substrates are elevated under conditions of increased fat
oxidation [40e42], these results suggest a lower glucose utilization
in favor of a higher fat oxidation in the fasting state. Although we
did not find improvements in DRQ, the HD might have enhanced
fasting fat oxidative capacity when compared to WD.

The postprandial RQ during the mixed meal challenge was not
different between HD and WD after correcting for the observed
differences in fasting RQ. Interestingly, we observed a significantly
higher glucose peak in the HD, as compared to the WD, 30 and
45 min after meal ingestion. These findings are contrary to our
hypothesis that a healthy eating pattern would improve post-
prandial glucose responses. Postprandial insulin levels did not
differ between the diet groups and thus cannot explain the slightly
higher glucose excursion. A lower postprandial glucose oxidation in
the HD group cannot explain these findings either, since no dif-
ference in oxidation was observed during the measurement be-
tween 30 and 60 min after meal ingestion. Also, a possibly altered
intestinal glucose uptake is unlikely to explain the observed dif-
ferences, since the postprandial glucose levels peaked at the same
time in both diet groups and was not delayed with the HD. How-
ever, it should be noted that the composition of the mixed meal
used for the challenge test was the same for both intervention
groups and delivered a substantial amount of high-glycemic car-
bohydrates. Sacks et al. [43] also observed a significantly higher
glucose excursion 60 min after an oral glucose tolerance test in
overweight adults after a five-week low carbohydrate, low-
glycemic index diet compared to a high carbohydrate, high-
glycemic index diet. It might be possible that the exposure of the
HD group to a lower glycemic load for six weeks reduced their
ability to cope with an acute high-glycemic load. Although our
findings on the postprandial glucose profile are interesting and
would suggest detrimental adaptation to a lower glycemic load, it
should be noted that the differences in plasma glucose during the
meal test were rather subtle, occurred within a short period of time
and returned to levels comparable to the WD group 60 min after
meal ingestion. This raises the question whether the observed ad-
aptations are physiologically relevant or detrimental to metabolic
health.

While the acute glucose profile was higher in the HD group, the
24-h glucose profile was not significantly different between the
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diet groups. During this measurement, participants were not
exposed to a high-glycemic challenge. However, it remains unclear
why we did not find significantly lower 24-h glucose profiles with
the HD, considering the reduction in high-glycemic carbohydrates
compared to theWD. It is possible that the differences between the
diets in amount and type of carbohydrates may have been too small
to see an effect on 24-h glucose. The lack of effect may also be
explained by our healthy, normoglycemic population, or the
sensitivity of the glucose sensor to pick up small differences.

Consistent with the lacking effect of the HD on DRQ, also whole-
body insulin sensitivity, as measured by the clamp, was not affected
by the diet intervention. However, fasting insulin levels and
consequently the HOMA-IR were significantly lower with the HD
compared to the WD, which may indicate an improved glucose
homeostasis in the fasting state. Previous research showed that
substituting dietary saturated fatty acids with polyunsaturated
fatty acids [20], as well as the addition of polyphenols to a habitual
diet [27] have beneficial effects on insulin sensitivity, and that le-
gumes as part of a low-glycemic diet [44] and diets enhanced in
nuts [45] or fiber [18] intake have shown to improve glycemic
control, all independent of weight loss or exercise. It needs to be
noted that all of these studies included insulin resistant or glucose
intolerant participants, or patients with type 2 diabetes. In our
study, we tested the influence of these dietary compounds in
overweight or obese, but healthy participants. Their mean M-value
of 6.4 mg/kg/min measured before the intervention falls within the
range for nonobese normal glucose-tolerant subjects [46]. The lack
of improvement in whole-body insulin sensitivity, glycemic con-
trol, glucose variability and metabolic flexibility in our study might
therefore be explained by the health status of our population.
Additionally, we can only speculate whether effects would have
become visible after an intervention period longer than six weeks.

5. Conclusion

A healthy diet for six weeks, without further life-style changes,
did not improve metabolic flexibility, whole-body insulin sensi-
tivity and glycemic control when compared to aWestern-style diet.
The surprisingly higher postprandial glucose peak in the HD group
suggests a physiological adaptation to a low glycemic load diet,
which only becomes visible when challenged with high glycemic
foods. However, the altered postprandial glucose profile did not
affect metabolic flexibility, insulin sensitivity and 24-h glucose
concentrations. It remains to be determinedwhether the short time
increase in postprandial glucose is physiologically relevant or
detrimental to metabolic health.
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