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Abstract

Purpose Low intake of dietary fibre is associated with
the development of type 2 diabetes. Dyslipidaemia plays a
key role in the pathogenesis of type 2 diabetes. Knowledge
of the impact of dietary fibres on postprandial lipaemia is,
however, sparse. This study aimed in subjects with meta-
bolic syndrome to assess the impact on postprandial lipae-
mia and features of the metabolic syndrome of a healthy
carbohydrate diet (HCD) rich in cereal fibre, arabinoxylan
and resistant starch compared to a refined-carbohydrate
western-style diet (WSD).

Methods Nineteen subjects completed the randomised,
crossover study with HCD and WCD for 4-week. Postpran-
dial metabolism was evaluated by a meal-challenge test and
insulin sensitivity was assessed by HOMA-IR and Matsuda
index. Furthermore, fasting cholesterols, serum-fructosa-
mine, circulating inflammatory markers, ambulatory blood
pressure and intrahepatic lipid content were measured.
Results We found no diet effects on postprandial
lipaemia. However, there was a significant dietX statin
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interaction on total cholesterol (P=0.02) and LDL cho-
lesterol (P=0.002). HCD decreased total cholesterol
(—0.72 mmol/l, 95% CI (-1.29; —0.14) P=0.03) and
LDL cholesterol (—0.61 mmol/l, 95% CI (—0.86; —0.36)
P=0.002) compared with WSD in subjects on but not
without statin treatment. We detected no other significant
diet effects.

Conclusions In subjects with metabolic syndrome on
statins a 4-week diet rich in arabinoxylan and resist-
ant starch improved fasting LDL and total cholesterol
compared to subjects not being on statins. However, we
observed no diet related impact on postprandial lipaemia or
features of the metabolic syndrome. The dietary fibre x sta-
tin interaction deserves further elucidation.

Keywords Metabolic syndrome - Dietary fibre -
Lipaemia - Insulin resistance

Introduction

Metabolic syndrome (MetS) is closely associated with the
development of type 2 diabetes (T2D) and cardiovascular
diseases (CVD) [1]. These life-style diseases are among the
greatest challenges facing modern society [2]. They appear
to be linked to easy access to processed energy-rich low-
fibre food that impairs glucose and lipid metabolism [3].
Conversely, a high dietary fibre (DF) intake rich in cereal
fibres and resistant starch (RS) lowers the risk of develop-
ing T2D [4, 5] and CVD [6]. DF is characterised by resist-
ance to digestion in the small bowel; however, the underly-
ing mechanisms in relation to the development of T2D and
CVD is poorly understood.

An increased circulating triglyceride (TG) level is a
characteristic feature of MetS. Prospective cohort studies
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showed that the association with CVD is stronger for non-
fasting than for fasting TG levels [7, 8]. Interestingly,
the postprandial TG response is increased in abdomi-
nally obese despite normal fasting TG [9]. The postpran-
dial TG response is influenced by hormone secretion e.g.,
from the gastrointestinal tract. Thus, glucagon-like pep-
tide 1 (GLP-1) decreases [10] and glucagon-like peptide
2 (GLP-2) [11, 12] increases the chylomicron production.
GLP-1 and GLP-2 are co-secreted from the L-cells of the
perfused porcine ileum [13] but little information is avail-
able on the temporal aspects of the concomitant secretion
of GLP-1 and GLP-2 in humans [14, 15]. The TG concen-
tration is modifiable by dietary factors [16] and it has been
shown that RS increases GLP-1 secretion in animals [17,
18] which may be due to fermentation products of DFs i.e.,
short-chain fatty acids [19]. Butyrate has previously been
detected as an important short-chain fatty acid with poten-
tial beneficial effects on metabolism [20]. Consequently,
we have chosen to focus on major DFs i.e., arabinoxylan
(AX) and RS which increase colonic butyrate production
[21].

We hypothesised that a diet enriched with AX and RS
would decrease postprandial lipaemia and have a positive
influence on the features of MetS in subjects with MetS.
The two types of DF, the cereal fibres AX and RS, were
incorporated in a mixed healthy carbohydrate diet (HCD)
which was compared with a western-style diet rich in
refined carbohydrates (WSD). The primary endpoint was
postprandial lipaemia. Secondary endpoints were postpran-
dial glucose, insulin, glucagon, GLP-1 and GLP-2. Fur-
thermore, we assessed insulin sensitivity, s-fructosamine,
fasting cholesterols, intrahepatic lipid content (IHLC),
inflammatory markers, 24-h ambulatory blood pressure and
selected gene expressions in subcutaneous abdominal adi-
pose tissue.

Methods
Study design

This study was part of an open-label, crossover study with
two 4-week dietary intervention periods separated by a
4- to 6-week wash-out period in subjects with Mets. The
design has been reported in detail previously [22]. The par-
ticipants were randomly assigned to the sequence of inter-
vention diets. The study was performed at Aarhus Univer-
sity Hospital, Aarhus, Denmark, from May 2012 to April
2013. Before and at the end of the interventions, the par-
ticipants completed three test days; day 1: 24-h ambulatory
blood pressure; day 2: OGTT and MR-spectroscopy; day 3:
meal tolerance test.
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Participants

Twenty-two participants (7 women, 15 men) with MetS
[23] were included. Unchanged cholesterol-lowering and
antihypertensive medications were allowed during the
study. Seven participants were treated with cholesterol-
lowering statins, and seven participants were treated with
antihypertensive drugs. They were allowed to continue
their medication to resemble the general MetS population.
An exclusion criterion was fasting glucose >7 mmol/and/or
HbAlc >48 mmol/mol. The participants were instructed to
maintain their habitual life style during the study in terms
of physical activity, smoking, medication and alcohol hab-
its. All participants gave written informed consent before
enrolment in the study. The study was conducted according
to the Declaration of Helsinki. The protocol was approved
by the Central Denmark Region Committees on Biomedi-
cal Research Ethics (Journal No. 1-10-72-122-12) and reg-
istered at ClinicalTrials.gov (NCT01584427).

Diets and dietary assessments

The participants were provided with a fixed amount of key
foods comprising breakfast cereals, bread, pasta and pan-
cakes. A dietician instructed the participants regarding the
substitution of a part of their habitual diet with the key
foods according to their calculated energy requirements.
The participants handed in 3-day food records before (run-
in) and half-way through each diet intervention. Macronu-
trient composition of foods, other than the key foods, was
estimated by Master Dietist System version 1.235 (2007).
The composition of the key foods was determined by chem-
ical analysis which has previously been described [22].
Table 1 is adapted from our previous report [22] providing
the estimated macronutrient intake from run-in periods,
during the diet interventions and in the key food compo-
sitions. HCD key foods contained 64 g DF per day origi-
nating primarily from AX (16 g/day) and RS (21 g/day).
AX was derived from whole-grain rye and enzyme-treated
wheat bran, whereas RS was provided as heat-resistant
high-amylose maize starch and raw potato-starch. The
WSD was characterised by key foods made of primarily
refined wheat flour, i.e. with a total DF content of 18 g/day,
hereof 4 g from AX and 3 g from RS.

Meal-challenge test

The study participants attended the research facility for the
meal-challenge test after 12-h of fasting. Baseline blood
samples were drawn (at time 0 min), whereupon the test
meal was consumed within the next 20 min.

The test meal consisted of 50 g whole grain rye bread,
30 g white sandwich bread, 30 g butter, 45 g scrambled
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Table 1 Composition of the total dietary intake presented as medians (interquartile range) and key food contents estimated by chemical analysis

Adapted from Hald et al. [22]

WSD HCD P value
Run-in (n=19) Week 2 a(n=17) WSD key Run-in (n=16) Week 2 a(n=17) HCD key WSD wk2
food con- food con- versus HCD
tents tents wk2¢
Energy (KJ) 7631 (7187-8739) 9217 (8450— 5280 8116 (7016-9481) 8412 (7899— 4722 0.97
10611) 11228)
Total carbohydrate 218 (195-257) 300 (271-346) 240 209 (162-238) 325 (292-375) 240 0.17
(€]
Digestible carbo- 190 (176-225) 281 (253-322)° 226 195 (145-215) 244 (224-334)® 181 0.07
hydrate (g)
Dietary fiber (g) 24 (17-32) 21 (18-22) 18 16 (14-25) 68 (66-75) 64 0.0007 ¢
Protein (g) 79 (65-96) 96 (85-111) 40 83 (68-102) 83 (74-105) 32 0.90
Fat (g) 66 (57-88) 62 (54-82) 17 71 (53-86) 63 (42-76) 17 0.50

2Sum of dietary intake besides key foods estimated from food records using Master Dietist System (MDS)+key food contents determined by

chemical analysis (CA)

bDigestible carbohydrate = ((Carbohydrate total (MDS) — Dietary fiber (MDS) 4+ (digestible carbohydrates (CA)))) (g)
“Diet values compared by two-tailed paired 7 test. There were no significant differences between run-in values

dCompared by Wilcoxon signed rank test because normal distribution was not feasible

egg, 40 g cheese, 18 g fried bacon, 40 g salami, 100 mL
decaffeinated coffee and 150 mL semi-skimmed milk. The
test meal provided 3911 kJ (935 kcal) distributed as 17 E%
protein, 15 E% carbohydrate and 68 E% fat and contained
7.1 g DF.

During the following 6 h, blood samples were drawn
for analyses of TG and FFA at timepoints 0, 60, 120, 180,
240 and 360 min; for GLP-1, GLP-2, insulin, glucose and
glucagon at 0, 15, 30, 60, 120, 240, and 360 min; and for
apoB-48 at 0, 120, 240 and 360 min.

The participants were instructed not to perform strenu-
ous exercise the day before the meal tests and to abstain
from alcohol and use of non-steroidal anti-inflammatory
drugs for 2 days prior to the test day. Smoking was not
allowed during the study visits.

Oral glucose tolerance test (OGTT)

The OGTT was performed in the morning after 12 h fast-
ing. Blood samples were drawn at —15, —10 and O min.
Subsequently, the subjects consumed 75 g glucose within
5 min. Thereafter, blood samples were drawn at 30, 60 and
120 min for the determination of plasma glucose and insu-
lin. A mean fasting glucose and insulin level was calculated
as the mean of the three fasting values.

Blood analyses
Blood samples for plasma analyses were immediately

centrifuged at 2000g for 15 min at 4 °C. Blood samples
for serum analyses were kept at room temperature for

30-60 min and subsequently centrifuged for 10 min at
2000g. All samples were stored at —80 °C until analysis.
Serum apoB-48 measurements were performed using a
human apoB-48 ELISA kit (Code: AKHB48; Shibayagi
Co. Ltd, Ishihara, Shibukawa, Gunma Pref., Japan) as
described by Bohl et al. [24]. Plasma TG cholesterols and
FFA were analysed with enzymatic colorimetric assays on
the COBAS c111 system (TG, code 04657594190; total
cholesterol, code 4718917190, HDL, code 5401488190;
LDL, code 5401682190, all Roche Diagnostics Gmbh,
Mannheim, Germany; FFA, code 270-7700, Wako Chem-
icals Gmbh, Neuss, Germany).

Plasma glucose was measured by the glucose oxidase
method (GOD-PAP glucose kit, codel1491253 216;
Roche Diagnostics Gmbh, Mannheim, Germany). Plasma
insulin was measured with ELISA using a DAKO insu-
lin kit (Code: K6219; Dako, Glostrup, Denmark). Plasma
glucagon was measured by radioimmunoassay (Code: #
GL-32K, Millipore Corporation, MA, USA).

Plasma GLP-1 was measured using a radioimmu-
noassay specific for the C-terminal of the GLP-1 mol-
ecule (antibody code 89390) described by Orskov et al.
[25] Thus, it reacts equally with intact GLP-1 and the pri-
mary (N-terminally truncated) metabolite. Intact GLP-2
was measured using a radioimmunoassay (antibody code
92160) originally described by Hartmann et al. [14]. All
samples were extracted in a final concentration of 70%
ethanol before GLP-1 measurements and 75% ethanol
before GLP-2 measurements. Sensitivity for both assays
was below 2 pmol/l, and intra-assay coefficient of varia-
tion below 6%.
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Plasma IL-6 and IL-1ra were measured by ELISA using
human Quantikine® kits (IL-6, code HS600B; IL-1RA,
code DRAOOB, R&D Systems, Minneapolis, MN, USA).

Measurement of adiponectin was performed with ELISA
(code UM100101, B-Bridge International Inc., Santa Clara,
CA, USA).

Serum hs-CRP was determined with a highly sensi-
tive human ELISA kit (code EIA3954, DRG Diagnostics
GmbH, Marburg, Germany).

Serum fructosamine was measured at Unilabs A/S
(Copenhagen, Denmark).

Ambulatory blood pressure

Twenty-four hour ambulatory blood pressure and heart
rate was monitored with a portable calibrated Spacelabs
90207 monitor (Spacelabs Inc., Redmond, WA, USA) as
described by Brader et al. [26].

Intrahepatic lipid content (IHLC)

IHLC was assessed by a non-invasive 'H-magnetic reso-
nance spectroscopy using a Signa Excite 1.5 T Twin Speed
scanner (GE Medical Systems, Milwaukee, USA). The
scan procedure was carried out as previously described
[27] except that the subjects were allowed to eat and drink
before the scan.

Adipose tissue biopsies

Abdominal subcutaneous adipose tissue biopsies were
obtained at the end of WSD and HCD on the meal-chal-
lenge test days. Sampling was performed in the fasting state
immediately before the test meal was served. Another sam-
ple was taken 4 h after the meal ingestion at a new site on
the abdomen. The adipose tissue was collected as described
by Pietraszek et al. [28].

Gene transcription analysis

RNA was isolated from 250 mg adipose tissue with TriZol
Reagent (Gibco BRL, Life Technologies, Roskilde, Den-
mark). The gene transcription analyses were performed
by AROS Applied Biotechnology A/S (Aarhus, Denmark)
using Fluidigm BioMark real-time reverse transcriptase-
polymerase chain reaction system. Predesigned primers
and TagMan Gene Expression Assay probes (Applied Bio-
systems, Life Technologies, California, USA) were used.
Cycle threshold (Cy) values were measured in duplicates.
Cy values were normalised to the mean of two reference
genes; Beta-2-microglobulin and RNA polymerase II. The
mean fold change in transcription of target genes is given
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relative to the value obtained the fasting state after the
WSD diet using the 27*4€T method [29].

The following target genes involved in lipid metabolism
were investigated: Lipoprotein lipase (LPL), G protein-
coupled receptor 120 (GPR120), fatty acid translocase
(CD36); fatty acid binding protease (FABP4), fatty acid
synthase (FAS). The glucose metabolism was evaluated
from transcripts of: glucose transporter type 4 (SLC2A4),
insulin receptor (INSR), insulin receptor substrate (IRS),
peroxisome  proliferator-activated gamma
(PPARG), uncoupling protein 3 (UCP3) and glycogen syn-
thase (GYS 2).

receptor

Statistical analysis

The power calculation was based on the primary effect
parameter, TG incremental area under the curve (iIAUC),
i.e., the area above baseline for 360 min. The number of
participants needed to obtain a statistical power of 80%
(#=0.2) at a level of P<0.05 (a«=0.05) was calculated as
16 with a minimal relevant difference in iAUC TG of 20%
between the diets [30]. The anticipated dropout was set to
20%. This power calculation was based on a study that was
not completely comparable with this study and, therefore,
the number of participants was increased to 22. Descriptive
statistics are presented as means + standard deviations (SD)
of the variation between study participants. Figures are pre-
sented as means+SEM. Results are presented as means
with 95% confidence intervals (CIs). A log-transformation
was performed when data were not normally distributed as
evaluated by qq-plots, and in such cases, descriptive statis-
tics are presented as medians with interquartile range and
results as medians with 95% CI. Except for FFAs, the post-
prandial responses are given as iAUC. FFA responses were
calculated as total area under the curve (tAUC). Plasma
glucose concentrations reached baseline in 120 min, thus
iAUC is given for 120 min. ANOVA was used to compare
the effect of diet including a random participant and period
within participant effect. The period effect was taken as
nested within the participant effect thus taking into account
variation both between participants and between periods
within the participants. This implies that the treatment-time
interaction is tested against the residual error representing
the variation between time points in a given period for a
given participant. Additionally, we checked for the interac-
tion between diet and statin as well as diet and antihyper-
tensive treatment.

Differences at individual postprandial time points
were assessed by ANOVA for repeated measurements
examining the effect of diet and time on the postpran-
dial responses using participant, test day and order as
random variables and baseline as systematic variable.
BMI, gender and age were tested as covariates, but were
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not included in the final analysis since they did not have
a significant effect on the results. Model validation for
ANOVA was performed by inspecting the probabil-
ity plot of the residuals. The random coefficient model
was used to perform linear regression analysis between
GLP-1 and GLP-2 concentrations for each of the four
visit days. Since there were no significant differences
between the slopes for each visit day, we performed a
concerted linear regression on all measurements from all
four visits. Model validation was performed by a scatter-
plot of the standardised residuals against the fitted values
and a probability plot of the residuals. Spearman’s rank
order correlation was used to test if there was a correla-
tion between baseline variables.

A P value <0.05 was considered significant. Statistical
analyses were performed using STATA/IC 12.1 (Stata-
corp, College Station, TX, USA). Artworks were created
with GraphPad Prism 6.04 (Graph Pad Software, Inc., La
Jolla, California, USA).

Results

Nineteen participants (5 females and 14 males) with a
mean age of 58+ 11 (total range 39-75) years completed
the study. One subject withdrew from the study during
the first week of HCD due to abdominal discomfort, and
two subjects discontinued for reasons unrelated to the
study. Anthropometric and fasting metabolic parameters
of the participants are given in Table 2.

We observed no significant differences in anthropo-
metric or fasting metabolic parameters during the run-in
period before the dietary interventions (Table 2). How-
ever, there was significantly higher total cholesterol
(P=0.02) and LDL cholesterol (P=0.01) as well as
fructosamine (P=0.01) at run-in in period 2 compared
to period 1. In the comparison of HCD and WSD, there
was significant interaction between diet and statin treat-
ment for total cholesterol (P=0.02) and LDL choles-
terol (P=0.002) but not for HDL cholesterol (P =0.64),
body weight (P=0.61) or other fasting metabolic param-
eters (data not shown). Thus, statin treated subjects
had significant lower total cholesterol (—0.72 mmol/l,
95% CI (-1.29; —0.14) P=0.03) and LDL cholesterol
(—0.61 mmol/l, 95% CI (—0.86; —0.36) P=0.002) after
HCD compared with WSD. In contrast, there was no diet
effect on total cholesterol (P=0.91) or LDL cholesterol
(P=0.84) for subjects who did not receive lipid lower-
ing treatment (Table 2). Additional statistical analyses
showed that there were diet x period interaction on total
cholesterol (P=0.05) and LDL cholesterol (P =0.02) but
not fructosamine (P =0.19).

Postprandial lipaemia

The postprandial responses of TG, apoB-48 and FFA
(Table 3; Fig. 1) were not significantly different between
the diets. There was no significant statin X diet interaction
for TG iAUC (P=0.81), apoB-48 iAUC (P=0.9) or FFA
tAUC (P=1.0).

Postprandial glucose, insulin, glucagon, GLP-1
and GLP-2 responses to meal test

Results of iAUC to the meal test for glucose, insulin and
glucagon are shown in Table 3. In the analysis of vari-
ance for the concentrations at the individual time points,
there was no significant time X diet interaction for glucose
(P=0.64), insulin (P=0.97) or glucagon (P=0.93).
Fasting and postprandial GLP-1 and GLP-2 (Table 3;
Fig. 2a, b) were unaffected by the diets. GLP-1 and
GLP-2 concentrations were linearly correlated »=0.86
(P <0.0001) (Fig. 2c). A concerted slope was calculated
for all test days taking all 532 measurements (19 partici-
pants X 4 test days X 7 time points) into account: [GLP-2]
pM=1.75 (1.65-1.85; P <0.0001) X [GLP-1]pM +«.

Glucose tolerance and insulin sensitivity

Glucose and insulin responses to OGTT after the diets
are shown in Fig. 3. There was no interaction between
diet and time for glucose (P =0.52) and insulin (P =0.85)
responses and no diet effect on the Matsuda index
(P=0.98). Table 2 presents data on insulin sensitiv-
ity assessed by HOMA-IR. Additional statistical analy-
ses showed no gender xdiet interaction for HOMA-IR
(P =0.89) or the Matsuda index (P =0.83).

Inflammatory markers

hs-CRP, IL-6, IL-1Ra and adiponectin were not signifi-
cantly changed by diet (Table 1).

Intrahepatic lipid content (IHLC)

One subject was unable to enter the MR-scanner due to
claustrophobia. Thus, MR-spectroscopy data include 18
subjects. At baseline (first run-in period) 89% (n=16/18)
of the subjects had an IHLC above 5.56% which is con-
sidered the cut-off value for a normal intrahepatic lipid
fraction estimated by MR-spectroscopy [31]. Baseline
IHLC correlated significantly with baseline HOMA-
IR (r=0.55, P=0.01) as well as with baseline BMI
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Table 2 Anthropometric and fasting metabolic parameters of the 19 (5 women and 14 men) participants with metabolic syndrome

Characteristic WSD HCD P value diet
contrast
Run-in Week 4 Run-in Week 4 A Week 4
Body weight (kg) 97.6 (88.4-109.9) 98.0(89.6-111.2) 97.6 (89.3-114.0) 97.7 (88.7-112.6) 0.97 0.65
Triglycerides (mmol/l) 1.35 (1.03-1.8) 1.58 (1.11-2.0) 1.4 (1.03-1.88) 1.56(1.01-1.98)  0.58 0.67
Total cholesterol (n=19) (mmol/l) 4.77+0.68 4.75+0.87 4.81+0.61 4.56+0.76 0.78 0.78"
Total cholesterol statin treatment (n="7) (mmol/l) 4.36+0.49 4.34+0.92 4.46+0.63 3.88+0.66 0.16 0.03
Total cholesterol (mmol/l) no statin treatment 5.01+0.67 4.98+0.79 5.01+0.51 4.95+0.50 0.61 0091
(n=12)
HDL-cholesterol (n=19) (mmol/l) 1.06+0.24 1.03+0.25 1.08+0.27 1.02+0.27 0.62 0.81
LDL-cholesterol (n=19) (mmol/l) 2.84+0.68 2.85+0.79 2.87+0.59 2.71+0.74 0.05* 0.27*
LDL-cholesterol (mmol/l) statin treatment (n=7) 2.40+0.33 2.43+0.60 2.52+0.46 2.00+0.55 0.06 0.002
LDL-cholesterol (mmol/l) no statin treatment 3.10+0.70 3.09+0.80 3.08+0.56 3.13+0.48 0.84 0.46
(n=12)
apoB-48 (mg/l) 5.78 (4.22-9.35)  5.69 (4.02-10.1) 6.41 (4.64-8.62) 6.69 (5.14-9.44) 0.94 0.84
FFA (mmol/1) 0.34 (0.32-0.44) 0.37 (0.26-0.45) 0.38 (0.26-0.52)  0.33 (0.25-0.40) 0.58 0.36
Glucose (mmol/l) 6.0+0.6 59+0.6 6.1+0.6 59+0.6 047 0.84
Insulin (pmol/l) 69.6 (52.3-101.4) 90.8 (48.0-105.2) 87.7 (54.5-147.9) 73.1(40.7-110.9) 0.15 0.27
HOMA-IR (mIU x mmol/1"2) 3.70 (2.8-5.0) 3.61 (2.93-5.1) 4.43(2.76-6.15) 3.88(3.2-5.5) 0.21 0.99
Serum fructosamine (umol/l) 214.8+15.9 213.2+15.7 213.1+15.4 209.2+20.2 0.56 0.08
Glucagon (pg/ml) 86.6+21.0 78.0+20.5 81.4+25.0 78.6+22.0 0.34 0.99
GLP-1 (pmol/l) 11+2.3 11.3+2.3 11.8+2.5 112+2.1 0.19 091
GLP-2 (pmol/l) 129+2.9 125+2.2 12.5+3.0 12.7+2.0 0.58 0.89
hs-CRP (mg/l) 4.0 39 33 2.8 0.22 0.16
IL-6 (pg/ml) 2.48 2.48 2.44 2.37 0.54 0.64
IL-1RA (pg/ml) 366 325 355 395 0.26 0.13
Adiponectin (mg/l) 5.06 4.81 5.09 5.61 0.65 0.87
SBP (mmHg) 133.6+10.1 133.6 +£10.5 132.0+8.2 134.6 +£10.8 043 0.57
DBP (mmHg) 81.3+£6.9 80.9+7.0 80.7+4.9 81.9+£5.2 0.29 0.36
MAP (mmHg) 973475 97.0+7.3 96.6+5.2 98.3+59 0.26 0.31
HR (beats/min) 73.4+9.3 74.2+9.1 74.9+10.5 74.2+10.5 0.32 0.67
THLC fraction (%) 16.9+10.1 16.9+10.1 17.0+10.1 16.9+9.1 0.93 091

Values are means+SD for normally distributed data or medians with 25th to 75th percentiles in parentheses, n=19. Diet

contrasts

[(AHCD — AWSD) as well as (week 4HCD —week 4WSD)] were compared by ANOVA using participant and period as random variables. Week
0 values were used as covariates in the comparison of the diet contrast in week 4

WSD western style diet, HCD healthy carbohydrate diet, A week 4—weekO, HDL high-density lipoprotein, LDL low-density lipoprotein

Significant diet X statin interaction

(r=0.51, P=0.03). IHLC was unchanged by the diets
(Table 2).

Ambulatory blood pressure and heart rate

Blood pressure results are presented in Table 2. Diet effects
were not significant.

Gene transcription
Transcription of target genes related to lipid and carbohy-

drate metabolism in the abdominal adipose tissue was not
significantly changed by diet and time, Table 4.
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Discussion

This study in subjects with MetS compared the impact of a
4-week HCD with a median DF content of 68 g/day (based
on AX and RS) with a WSD rich in refined carbohydrates
(median DF content of 21 g/day) on postprandial lipaemia
(primary endpoint) as an important and sparsely investi-
gated marker of CVD risk.

The postprandial lipid responses after the two die-
tary interventions were similar due to a non-significant
diet effect. As intended, the study design secured a small
within-participant variation. However, the levels of apoB-
48 did not reach baseline and tended to be lower to HCD
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Table 3 Postprandial responses before (week 0) and after (week 4) WSD and HCD in 19 subjects with metabolic syndrome given as iAUC with

the exception of FFA given as tAUC

Parameter WSD HCD P value diet
contrast
Run-in Week 4 Run-in Week 4 A Week 4

TG (mmol/l X 360 min) 201 (174-317) 288 (225-393) 271 (183-319) 313 (206-383) 0.50 0.97
apoB-48 (mg/1 X360 min) 1930 (1261-2688) 2232 (1688-3000) 2104 (1457-2580) 2451 (1494-2679) 0.96 0.86
FFA (mmol/l X 360 min) 116 (102-133) 113 (89-130) 119 (98-129) 112 (99-134) 0.43 0.48
Glucose (mmol/l X 120 min) 66.6 (48.6-91.5) 82.9 (43.4-112.2) 71.9 (55.2-101.9) 79.1 (40.7-92.6) 0.42 0.58
Insulin (nmol/1 x 360 min) 21.9 (16.7-28.6) 23.7(17.9-31.4) 21.9 (16.0-30.0) 22.7 (17.4-29.7) 0.70 0.57
Glucagon (ng/mlx 360 min) 8.2 (5.8-13.2) 10.9 (6.6-15.1) 8.8 (7.5-10.9) 10.1 (5.4-16.9) 0.30 0.84
GLP-1 (pmol/l1 X 360 min) 2756 +872 2859 +931 2693 +1020 2708 +1256 0.74 0.49
GLP-2 (pmol/1 X 360 min) 5543 (3326-6270) 6045 (3330-7065) 5093 (4088-5828) 5745 (2595-6825) 0.21 0.29

Values are means+SD for normally distributed data or medians with 25th to 75th percentiles in parentheses, n=19. Diet contrasts
[(AHCD — AWSD) as well as [week 4HCD —week 4WSD)] were compared by ANOVA using participant and period as random variables. Week
0 values were used as covariates in the comparison of the diet contrast in week 4

iAUC incremental area under the curve, tAUC total area under the curve, WSD western style diet, HCD healthy carbohydrate diet, A week 4—
weekO0, TG triglyceride, apoB-48 apolipoprotein B48, FFA free fatty acids, GLP-1 glucagon-like peptide 1, GLP-2 glucagon-like peptide 2

after 6 h although not statistically significant. Only few
groups have investigated postprandial lipaemia in response
to AX [32, 33] and RS-rich diets [34-36]. Giacco et al.
[32] reported lower 3-h postprandial TG responses after
3 months of supplementation with whole-grain wheat and
rye than with refined cereal products despite unchanged
fasting TG [32]. However, their meal test differed from
ours in several ways. Most importantly, Giacco et al. [32]
chose test meals similar to their two intervention diets. In
this study, we used identical test meals before and after
each diet intervention. A standard test meal made us able
to discriminate more accurately the longer term effects of
the two diets. Potential acute TG lowering effects of HCD
key foods could have been weakened by the overnight fast.
However, Garcia et al. [33] found decreased 4-h postpran-
dial TG response after 6-week intervention with 15 g/day
of concentrated wheat AX supplementation compared with
placebo. They used a standardised liquid meal without DF
after 12 h fasting for the meal test. In contrast, we used a
mixed test meal with 7 g DF. In addition, higher solubil-
ity or other different physicochemical properties of AX
derived from wheat concentrate [33] compared to rye may
influence the results. The longer duration of the interven-
tion periods in the two AX studies [32, 33] compared to
ours may also contribute to the different outcomes.

Two recent intervention studies supplementing with
40 g RS/day from high-amylose maize showed no differ-
ences in the postprandial TG responses compared with
placebo in insulin resistant subjects [34, 35]. Furthermore,
Bodingham et al. [35] reported that RS increased fasting
TG while Robertson et al. [34] found no impact of RS on
fasting TG. However, in both studies RS induced a clear
suppression of FFA [34, 35] suggesting decreased lipolysis

in the adipose tissue in response to increased peripheral
insulin sensitivity [34]. In this study, we used only 21 g RS
per day, which may not be enough to affect FFA.

Surprisingly, we found that the participants who
received cholesterol lowering statin treatment significantly
decreased their fasting LDL and total cholesterol to HCD
compared with WSD, whereas this was not seen in subjects
without cholesterol-lowering medication. The reason for
the differential effect is not known, however, it can be spec-
ulated if AX and RS in combination may further enhance
the statin-induced competitive inhibition of the hepatic
HMG-CoA reductase that leads to an exaggerated lowering
of total and LDL-cholesterol. Others have reported lowered
LDL-cholesterol and total cholesterol after 3—4 weeks of
AX-rich diets in healthy [37] and hypercholesterolaemic
subjects [38]. However, none of the latter study popula-
tions received cholesterol-lowering medication. Previously,
soluble DFs including AX have been found to lower plasma
cholesterol through increased cholesterol excretion with the
bile [39] and soluble fibres may counteract an increased
cholesterol absorption in statin treated individuals [40].
However, the combination of RS and AX in HCD makes
it impossible to distinguish between separate effects of RS
and AX. It should be noted that RS has not previously been
associated with improved fasting cholesterols [41—43]. Fur-
thermore, the diet X period interaction may have biased the
results since the statin and non-statin groups were not bal-
anced for diet order. Although our results should be taken
with caution due to the low number of participants they
may be of potential clinical significance.

Insulin sensitivity and postprandial glucose metab-
olism were unchanged by diet which is in concord-
ance with previous studies showing unchanged insulin

@ Springer
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Fig. 1 Postprandial plasma responses of a triglyceride, b ApoB-
48 and c free fatty acids (FFA) after the healthy carbohydrate
diet (HCD) and the western style diet (WSD). Data are presented
as means+SEM, n=19. No significant timeXxdiet interactions
were found for triglyceride (P=0.74), apoB-48 (P=0.14) or FFA
(P=0.83)

sensitivity after AX-containing wholegrain diets [44—46].
Others have demonstrated lowered postprandial insu-
lin [32, 47] and glucose responses [33]. The reason why
we did not detect postprandial improvements may rely
on differences in the design of the meal-challenge tests
as mentioned above. We cannot exclude that the adi-
pose tissue sampling in relation to the meal tests may
have induced metabolic stress responses influencing the
metabolic responses during the meal tests. However, the
randomised crossover design should minimise the risk of
bias.
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Fig. 2 Postprandial responses of a GLP-1 and b GLP-2 after the
healthy carbohydrate diet (HCD) and the western style diet (WSD).
No significant time X diet interaction for GLP-1 (P=0.82) or GLP-2
(P=0.21). ¢ Illustrates all 532 measurements of GLP-2 concentra-
tions plotted against GLP-1 concentrations. Data are presented as
means + SEM, n=19

Observational studies emphasise that the beneficial
effect of DF on MetS is highly correlated to lower BMI
[48] and that people who have a high DF intake are more
physically active and smoke less [49]. To eliminate the
potential effect of body weight changes, we instructed our
participants to maintain stable body weight and habitual
physical activity throughout the study. However, weight
stability may be the reason why we and other groups did
not detect significant changes in insulin sensitivity to AX-
rich whole grain [38, 45, 46, 50], whereas Peirera et al.
[47] found that whole grains increased insulin sensitivity
concomitantly with a weight loss tendency. Using a more
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Fig. 3 Responses to the oral glucose tolerance for plasma glucose
a and insulin b after the healthy carbohydrate diet (HCD) and west-
ern style diet (WSD). Data are presented as geometric means with
95% CI, n=19. No significant time X diet interactions for glucose
(P=0.52) and insulin (P=0.85) were found

sensitive technique than the present techniques (HOMA-
IR and Matsuda index), i.e., the euglycaemic hyperinsuli-
naemic clamp, intervention studies with 40 g RS/day have
demonstrated increased peripheral insulin sensitivity [34,
36, 41]. This improvement in insulin sensitivity was appar-
ently not influenced by changes in body weight. It should
be stressed that we also applied a 40 g difference in DFs
per day. Although our methods for evaluating insulin sen-
sitivity may not be very sensitive it is noteworthy, that the
Matsuda index has been found to correlate well with the
glucose disposal during euglycaemic hyperinsulinaemic
clamp [51]. A study by Maki et al. [43] reported improved
insulin sensitivity in overweight men, but not in overweight
women, after 4-week intervention with RS. We did not
detect any gender difference in insulin sensitivity. Interest-
ingly, we did find a tendency for fructosamine to decrease
to HCD suggesting improved glycaemic control in line
with the response to AX reported by Lu et al. [52]. This
may be related to increased peripheral insulin sensitivity
or acute effects on the intestinal glucose uptake mediated
by frequent intake of RS [53, 54] and AX [52]. It should
be noted, that our power calculation was carried out for
the primary end point, postprandial lipaemia, and not for
insulin sensitivity. Consequently, the study may have been
underpowered to allow detection of a difference in insulin
sensitivity between the two diets.

There was no diet effect on glucose, insulin and gluca-
gon. In accordance with this, the diets had no influence on
GLP-1 or GLP-2 responses as opposed to observations in
animal models [17, 19]. Our results are in line with GLP-1

Table 4 Mean fold change in

transcription of target genes in Gene WSDjasing WD 240 i HCDyasing HCD240 min P value”
subcutaneous adipose tissue Lipid metabolism
at WSDa4o ine HCDjusing and LPL 1.03+0.26 1.01+0.25 1.01+0.31 1.05+0.30 0.65
HCD, iy relative to WSDy, i,
GPR120 1.06+0.37 1.11+£0.48 0.98+0.40 1.04+0.37 0.90
CD36 1.02+0.22 1.12+0.15 1.02+0.19 1.12+0.17 0.91
FABP4 1.03+0.26 1.12+0.30 1.01+0.16 1.10+£0.25 0.99
FAS 1.03+0.26 0.92+0.38 1.07+0.34 0.90+0.39 0.67
Glucose metabolism
SLC2A4 1.03+0.28 1.15+042 0.96+0.40 1.14+0.42 0.66
INSR 1.01+0.19 1.09+0.23 1.02+0.18 1.08+0.14 0.83
IRS1 1.03+0.28 1.24+0.30 1.01+£0.39 1.17+0.34 0.70
PPARG 1.01+0.17 0.98+0.17 0.97+0.20 1.01+0.13 0.31
UCP3 1.02+0.25 1.07+0.24 1.02+0.17 0.96+0.22 0.34
GYS 2 1.15+0.57 0.96+0.81 1.10+0.69 0.95+0.92 091

Values are presented as mean+SD, n=18

LPL lipoprotein lipase, GPR120 G protein-coupled receptor 120, CD36 fatty acid translocase, FABP4 fatty
acid binding protease, FAS fatty acid synthase, SLC2A4 glucose transporter type 4, INSR insulin receptor,
IRS insulin receptor substrate, PPARG peroxisome proliferator-activated receptor gamma, UCP3 uncou-
pling protein 3, GYS 2 glycogen synthase

?Analysis of variance for repeated measurements was used to examine the effect of diet and time on the
postprandial gene transcription levels using study participant, period and order as random variables
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results from another 12-week human study using AX-rich
whole grain [32]. In a 12-week human intervention study
with RS, GLP-1 was reduced during fasting but increased
postprandially [35]. Another intervention study suggested
that it may take 9—12 months to stimulate increased GLP-1
secretion in response to wheat bran [55]. We observed a lin-
ear relationship between GLP-1 and GLP-2 concentrations
corroborating previous human studies [14, 15]. GLP-1 and
GLP-2 are both degraded by dipeptidyl peptidase-4 (DPP-
4) and different elimination rates probably explain why
there is a twofold increase in GLP-1 and a threefold rise in
GLP-2 postprandially [56, 57]. It is noteworthy, that DPP-4
inhibitors (increasing both GLP-1 and GLP-2 levels) can
reduce postprandial lipaemia in T2D [58].

We found that HOMA-IR as well as BMI correlated sig-
nificantly with the IHLC at baseline as previously reported
[59]. The unchanged IHLC was in agreement with two RS
studies showing no effect of 40 g RS per day in 12-weeks
versus placebo in subjects with insulin resistance [41] and
T2D [35]. Interestingly, Musso et al. reported that people
with non-alcoholic steatohepatitis had a lower intake of
DF than healthy controls [60]. Furthermore, a recent study
reported that whole grain consumption is associated with
decreased progression from non-alcoholic fatty liver dis-
ease to non-alcoholic steatohepatitis [61]. However, other
observational studies did not confirm the protective effects
of DF [62, 63]. On the other hand, refined carbohydrates in
the diet may exert damaging effects on liver fat [64]. We
cannot exclude that an increased intake of digestible carbo-
hydrates along with DF during HCD may have biased our
results.

We did not find any change or difference in the inflam-
matory markers investigated. As previously mentioned,
the fact that these markers were secondary outcome meas-
ures may have caused the study to be under-powered for
this purpose. Previously, hs-CRP has been observed to be
downregulated in a 5-week intervention study where AX-
rich rye was combined with oat and sugar beet fibre [44]. In
contrast, other intervention studies substituting with whole
grains [46, 65] and supplementing with RS [34, 41] have
not been able to demonstrate beneficial effects on hs-CRP
[41, 46, 65], IL-6 [34, 41, 46, 65], IL-1Ra [46] or adi-
ponectin [34, 41].

A recent meta-analysis [66] has raised the question if
the contrast between high- and low-fibre contents in diet
intervention studies is too small to cause differences. In this
study, there was almost a fourfold difference in DF between
the key foods of the two diets and the subjects were advised
to reduce DF from other food sources during the interven-
tions. The amount of DF during run-in periods and WSD
was not statistically different and was below the recom-
mended daily intake of 25-30 g of DF. Furthermore, it was
comparable to the mean habitual DF intake of 22 g DF/

@ Springer

day in Danish adults [67]. Nevertheless, the study was con-
ducted in a free living setting which may have diminished
the intended differences between the diets.

In concordance with other studies [41, 45, 46, 68] we
found no effect of the interventions on the 24 h blood
pressure.

The expression of selected genes involved in lipid and
carbohydrate metabolism did not change which corrobo-
rates findings in another RS study where adipose tissue
samples were collected from the abdominal region [36].
In another study, RS was reported to induce upregulation
of LPL transcription in subcutaneous adipose tissue from
the upper buttock region [34]. This could suggest that the
metabolic activity in the subcutaneous adipose tissue in
the abdominal region might differ from that from the upper
buttock region [34].

In conclusion, we did not confirm our hypothesis that a
4-week intervention in MetS with a diet enriched with AX
from cereals and RS improved postprandial lipaemia or
other features of the MetS. Interestingly, we found that par-
ticipants on statin treatment improved their fasting total and
LDL cholesterol on HCD. Additional research is needed to
confirm this diet x statin interaction.
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