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ABSTRACT

Background: A whole-grain (WG)-rich diet has shown to have
potential for both prevention and treatment of the metabolic
syndrome (MetS), which is a cluster of risk factors that increase
the risk of type 2 diabetes and cardiovascular disease. Different
WGs may have different health effects. WG rye, in particular, may
improve glucose homeostasis and blood lipids, possibly mediated
through fermentable dietary fiber and lignans. Recent studies have
also suggested a crucial role of the gut microbiota in response to WG.
Objectives: The aim was to investigate WG rye, alone and
with lignan supplements [secoisolariciresinol diglucoside (SDG)],
and WG wheat diets on glucose tolerance [oral-glucose-tolerance
test (OGTT)], other cardiometabolic outcomes, enterolignans, and
microbiota composition. Moreover, we exploratively evaluated the
role of gut microbiota enterotypes in response to intervention diets.
Methods: Forty men with MetS risk profile were randomly assigned
to WG diets in an 8-wk crossover study. The rye diet was
supplemented with 280 mg SDG at weeks 4-8. Effects of treatment
were evaluated by mixed-effects modeling, and effects on microbiota
composition and the role of gut microbiota as a predictor of response
to treatment were analyzed by random forest plots.

Results: The WG rye diet (£ SDG supplements) did not affect
the OGTT compared with WG wheat. Total and LDL cholesterol
were lowered (—0.06 and —0.09 mmol/L, respectively; P < 0.05)
after WG rye compared with WG wheat after 4 wk but not after
8 wk. WG rye resulted in higher abundance of Bifidobacterium
[fold-change (FC) = 2.58, P < 0.001] compared with baseline and
lower abundance of Clostridium genus compared with WG wheat
(FC =0.54, P =0.02). The explorative analyses suggest that baseline
enterotype is associated with total and LDL-cholesterol response to
diet.

Conclusions: WG rye, alone or with SDG supplementation,
compared with WG wheat did not affect glucose metabolism but
caused transient LDL-cholesterol reduction. The effect of WG diets
appeared to differ according to enterotype. This trial was registered

at www.clinicaltrials.gov as NCT02987595. Am J Clin Nutr

2020;111:864-876.
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Introduction

Metabolic syndrome (MetS) is characterized by obesity,
insulin resistance, hypertension, dysglycemia, and dyslipidemia
and an increased risk of type 2 diabetes (T2D) (1), cardiovascular
disease (CVD), and mortality (2). Diet is a key risk factor for
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MetS (3). Cereals represent the major energy and dietary fiber
source in the Western diet. While cereals are often consumed
as refined grain, the preferred form from a health perspective is
whole grains (WGs).

WGs are generally rich in vitamins, minerals, fatty acids,
dietary fiber, and phytochemicals such as lignans, but there
is large variation within and between different grains (4).
Observational studies have consistently shown inverse asso-
ciations for a high intake of WGs and the development of
T2D, CVD, and mortality (5). Underlying mechanisms are
not fully elucidated, but WGs may mediate benefits through
improving glucose/insulin homeostasis (6), blood pressure, lipid
profiles, and body-weight regulation (5) related to the content,
composition, and physiochemical properties of dietary fiber
and associated bioactive compounds. Dietary fiber causing high
digesta viscosity leads to lower postprandial glucose and insulin
response by delayed gastric emptying and improved lipid profile
(7). Moreover, dietary fiber provides substrate for many gut
bacteria for the production of SCFAs and other metabolites
that may link gut microbiota with improved health outcomes
(8). WG rye is especially rich in dietary fiber and has been
shown to improve glycemic and insulin responses and lipid
profile in both acute and long-term randomized trials (9), whereas
no blood lipid—lowering effects have been observed for WG
wheat. Comparisons between WG rye and WG wheat on health
outcomes have rarely been made (10, 11), despite apparent
differences in content of total and fermentable dietary fiber and
bioactive compounds such as lignans.

Diversity and composition of gut microbiota have been
associated with diseases such as MetS, T2D, and CVD (12)
and may be modulated by diet (13). It has been suggested
that individuals can be grouped according to enterotypes (i.e.,
strata based on characteristic microbiota composition): the
2 most frequently reported enterotypes are dominated by
Prevotella and Bacteroides, respectively (14, 15). A recent study
found that gut microbiota composition modified postprandial
glucose response following a barley-kernel fiber-rich bread
intervention (16). However, it remains unknown whether baseline
profile of gut microbiota could modify effects on metabolic risk
factors such as blood lipid profiles after a WG rye compared with
a WG wheat diet.

We conducted a randomized crossover trial to investigate the
impact of WG rye compared with WG wheat diets on glucose
tolerance as the primary endpoint and related cardiometabolic
risks and gut microbiota as secondary outcomes in men with
signs of MetS. Furthermore, we evaluated whether high amounts
of plant lignans in the form of secoisolariciresinol diglucoside
(SDG) added to the WG rye diet after 4 wk had metabolic benefits
on primary and secondary outcomes. Finally, we performed
an exploratory investigation of whether the gut microbiota at
baseline was associated with individual metabolic response to the
different intervention arms.

Methods

Study population

Study participants (n = 49 men aged 49-74 y) were recruited
between June 2015 and March 2016 from Uppsala county, Swe-
den, through advertisements in local newspapers, the Internet,

and through direct invitation of subjects with matching inclusion
criteria from the Uppsala part of the EpiHealth cohort (17).
The study was conducted at the Clinical Nutrition Laboratory at
Uppsala University, located at the Uppsala University Hospital.
The study participants were screened based on a physical
examination that included anthropometry (weight, height, and
waist circumference), blood pressure (performed seated after a
5-min rest), routine clinical tests (blood lipids, liver enzymes,
hemoglobin, glucose, insulin, C-reactive protein), and lifestyle
and medical history questionnaires. Approval of participation
was granted by the medical doctor responsible for the screening.
Eligible participants, who had >2 of the following MetS
risk factors, were included in the study: waist circumference
>102 cm, serum triglycerides >1.7 mmol/L, HDL cholesterol
<1.03 mmol/L, blood pressure >130/85 mmHg, or fasting
plasma glucose >5.6 mmol/L (18). Participants were excluded
based on the following: use of lipid lowering medication,
smoking and/or snuffing, high physical activity level (>7 h/wk),
excessive alcohol consumption (>21 units/wk), use of antibiotics
within the previous 6 mo, chronic diseases including type 1
and 2 diabetes, CVD (except for high blood pressure), and
cancers diagnosed within the preceding 5 y. One participant was
included despite use of lipid-lowering medication by mistake.
A sensitivity analysis without this subject was performed, and
since results did not change, this subject was included in the
analyses. All participants gave written informed consent at the
screening visit after obtaining oral and written information about
the study. The study was approved by the Regional Ethical
Committee in Uppsala (Dnr 2015/098) and registered at clinical
trials.gov (NCT02987595). All study procedures were conducted
in accordance with the Helsinki Declaration.

Recruitment and screening

All volunteers who responded to the study advertisements
were contacted and received information about the study design
and procedures through a telephone screening. For those who
were potentially eligible, a screening appointment was scheduled,
including a health screen, fasting (12-h) blood sampling, and
questionnaire information regarding medical history and bowel
function as well as physical activity and dietary habits to assess
eligibility. In total, 107 men were screened, of whom 25 were
excluded based on the screening results, and 33 lost interest in
the study after they received detailed information of the study
design; 49 men were thus enrolled (Figure 1). Nine participants
dropped out of the study due to lack of time or motivation, the
prescribed high amount of products, or stomachache.

Study design

The study was a randomized crossover trial (Figure 2) where
a WG rye diet was evaluated against a WG wheat diet during
8-wk periods separated by an 8-wk washout period. During
the last 4 wk of the WG rye diet, SDG lignan capsules were
added to the diet. Study participants were randomly assigned to
intervention sequence (wheat-rye or rye-wheat) by mixed-block
randomization (size 2 or 4) continuously during recruitment by
the same investigator. All staff involved in analyses of outcome
variables were blinded to the intervention allocation. Participants
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FIGURE 1 Flowchart of study subjects.

were not blinded since the appearance of the test products re-
vealed the intervention diet sequence. Test products were given to
replace the habitually consumed cereal products, but otherwise,
participants were instructed to maintain their usual diet.

The primary outcome of the study was the difference in
2-h oral-glucose-tolerance test (OGTT) between the 2 inter-
ventions. Secondary outcomes included differences in total
cholesterol, HDL and LDL cholesterol, triglycerides, systolic

Lignan capsule

and diastolic blood pressure, BMI, and enterolignans between
the interventions after 4 wk (rye compared with wheat) and
8 wk (rye + SDG supplementation compared with wheat).
Furthermore, using an exploratory approach, we investigated
differences in gut microbiota composition and fecal SCFAs
between diets. Participants stratified into 3 enterotypes based on
gut microbiota composition at baseline and effects of intervention
were investigated across enterotype subgroups.
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FIGURE 2 Crossover study design.
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Sample size was calculated based on effects estimated by
means of a paired 2-sided ¢ test based on the assumption of no
crossover effect or interaction between participants, treatments,
and periods. In order to detect an 8% difference with assumed
SEs similar to previous observed effects on 2-h blood glucose
after OGTT (19) with a 2-tailed « error of 5% and a statistical
power of 90%, a sample size of n = 40 was needed. To account
for an expected 20% dropout rate, the aim was to recruit 50
participants.

Study procedures

At each study visit, participants were instructed to be fasting
from 20:00 on the previous night and to avoid alcohol and
strenuous exercise for the past 24 h. All visits were scheduled
in the morning beginning with weight and waist circumference
measurements and a fasting blood sample. Then, a 75-g OGTT
was carried out, after which blood samples were collected by
trained nurses at 30, 60, and 120 min. Each participant was
examined 6 times: at baseline and 4, 8, 16 (after washout),
20, and 24 wk after baseline (Figure 2). On each sampling
occasion, 38 mL fasting blood was collected in 4 EDTA-
coated tubes (7 mL each), 1 PAXgene tube (7 mL), and
1 heparin tube (3 mL). Blood plasma was separated from
erythrocytes and buffy coat by centrifugation at 4°C for 10 min at
2500 x g and placed into 2-mL screw-cap microtube aliquots
(Sarstedt). Twenty-four-hour urine samples were collected in 3-
L containers on the day prior to each study visit. Participants
were instructed to add 10 mL nitric acid in the container
at first urination to prevent bacterial growth. At each study
visit, the total amount of urine was noted and 5 samples of
2 mL were frozen for analysis. Furthermore, each participant
collected a fecal sample prior to every study visit. Fecal collection
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kits and instructions were provided, and the samples were
kept in a freezer bag at —18°C in the home freezer until
they were brought to the clinic. All samples were stored at
—20°C for ~1 wk and then transferred to —80°C storage until
analysis.

Intervention products

The test diets were designed to contribute 30% of daily energy
intake. This was determined based on age, weight, and physical
activity level and the equation for calculating basal energy expen-
diture (BEE) from the Nordic Nutrition recommendation (20).
For a 50-y-old participant of 90 kg with low physical activity level
(PAL) (1.4) the corresponding energy intake was calculated as
BEE of 0.0485 x 90 kg + 3.67 x 1.4 = 11.25 MJ/d. Intervention
products for this participant therefore contributed 11.25 MJ/d x
239 kcal/MJ x 0.3 = 807 kcal/d. Treatment diets were isocaloric
and contained 100% WG. To obtain similar dietary fiber contents
in the 2 diets (~30 g/d), additional wheat bran was added to
one of the WG wheat products (WG puffs; see below). Thus,
diets differed only in dietary fiber quality and lignan content
(Table 1).

WG products included breakfast cereals, rolled cereals (e.g.,
porridge), crisp bread, and pasta and included both commercially
available products from the supermarket and products specially
developed for this study. Lantminnen developed 100% WG
wheat (with 17% added wheat bran) and rye puffs, and
Wasabrod/Barilla Sweden developed a wheat crisp bread product.
Conventional products included rolled rye and wheat contributed
by Lantménnen, a rye crisp bread by Wasabrod/Barilla, and wheat
and rye pasta from Il Fornaio.

In previous interventions with flaxseed lignans, doses of
~300 mg/d were applied for evaluating effects on blood glucose

TABLE 1 Nutritional composition of rye and wheat intervention food products and SDG lignan capsules for a randomized crossover trial!

Whole-grain rye products

Whole-grain wheat products

SDG capsules,
Content/100 g product Pasta Extruded puffs Crisp bread  Rolledrye  Pasta Extruded puffs Crisp bread ug/capsule
Total energy, kJ 1605 1558 1577 1557 1636 1545 1733 NA
Total energy, kcal 382 371 377 371 390 368 412 NA
Carbohydrate, g 74.7 70.0 71.2 69.5 70.0 60.4 64.7 0.5
Fat, g 2.2 2.2 1.5 2.2 34 3.6 8.5 NA
Protein, g 8.6 9.0 9.0 8.6 13.5 13.5 13.7 NA
Total dietary fiber,? g 13.4 16.8 16.5 18.3 114 19.4 10.9 NA
Soluble fiber,? g 5.7 6.9 6.7 7.4 2.6 3.1 1.9 NA
Insoluble fiber, g 7.8 10.0 10.3 10.9 8.8 16.3 9.0 NA
Fructans, g 2.2 3.9 2.5 3.0 1.2 1.6 0.5 NA
Arabinoxylans, g 2.4 2.6 3.0 3.0 2.1 3.6 2.0 NA
Total lignans, pg 4231 2250 2755 3542 791 2238 1654 75,100
Total free lignans, pg 660 173 254 618 132 237 171 70,500
Secoisolariciresinol, pg 39 21 30 32 43 111 49 73,000
Isolariciresinol, pg 88 47 62 55 18 95 25 1350
Matairesinol, pg 40 17 27 36 1 6 2 40
Pinoresinol, pg 72 34 71 49 15 34 14 40
Syringaresinol, pg 3505 1865 2164 2982 533 1335 1320 40
Mediresinol, pg 248 150 255 212 127 417 182 2
Lariciresinol, pg 240 116 146 177 54 240 62 500

'Values are means of 2 measurements. NA, not applicable; SDG, secoisolariciresinol diglucoside.
2The sum of total dietary fiber determined by the Uppsala method with inclusion of fructans (21).
3The sum of soluble dietary fiber determined by the Uppsala method with inclusion of fructans (21).
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(22, 23). For the current study, a dose of 280 mg/d (purity
20%) of SDG lignans isolated from flaxseed hulls (product
name: Lignan Extract) was provided by Source Naturals,
Threshold Enterprises Ltd. We determined the exact amount
in the product, which corresponded to the prescribed 70 mg
SDG/capsule, but trace amounts of other lignans (lar, iso, etc.)
were measured when analyzing the capsules by LC-MS/MS
(Table 1). The product was commercially available as a dietary
supplement.

Dietary assessment, questionnaires, and assessment of
compliance

At the baseline visit, participants completed a Swedish food-
frequency questionnaire (24). Furthermore, participants were
instructed to complete weighed 3-d dietary records prior to
each study visit. Diet compliance was evaluated from personal
checklists (for each 4-wk period), stating the prescribed amount
of each type of test product. Furthermore, compliance was
evaluated by plasma concentrations of alkylresorcinols, which
are compounds found in WG rye and wheat and therefore
used as biomarkers of WG intake. The alkylresorcinol ho-
mologs C17:0 and C21:0 are associated with the type of WG
intake. The sum of the homologs reflects total WG intake,
whereas the ratio reflects proportion of WG rye to WG wheat
(25). Alkylresorcinols in plasma were analyzed at Chalmers
Mass Spectrometry Infrastructure using a well-established LC-
MS/MS method (26). Compliance to SDG capsules was
evaluated by plasma secoisolariciresinol (method described
below).

Clinical measurements

Clinical blood measurements (glucose; insulin; LDL, HDL,
and total cholesterol; and triglycerides) were analyzed at the
clinical laboratory at Uppsala University Hospital, Uppsala,
Sweden. CVs for all assays were <10%.

Lignans and enterolignans

Enterolignan concentrations in plasma samples (27) and
lignans in WG products and capsules (28) were measured by
LC-MS/MS on a microLC 200 series from Eksigent/AB Sciex
and QTrap 5500 mass spectrometer from AB Sciex at Aarhus
University, Department of Animal Science.

Gut microbiota

DNA was isolated from the collected fecal samples using
QIAamp DNA Stool Mini kit (Qiagen) according to the protocol
with an additional bead-beating step in order to increase
efficiency in lysis of bacterial cell walls. The bead beating was
carried out with 0.1-mm Silica/Zirconia beads for 2 x 45 s using a
Precellys homogenizer (Bertin Technologies). The purified DNA
was stored at —20°C until analysis. 16S ribosomal RNA gene
amplicon libraries were generated from the V3-V4 region of
the 16S gene using the primers 341f and 805r (29), and the
libraries were sent for [llumina Miseq sequencing at the National

Genomics Infrastructure hosted by Science for Life Laboratory
in Stockholm.

The bioinformatics data processing was performed as de-
scribed previously by Miiller et al. (30) and was performed
using Quantitative Insights into Microbial Ecology (QIIME) (31).
The final operational taxonomic units (OTUs) table was further
filtered to include only OTUs present in >3 samples, and each
sample was subsampled to contain equal numbers of sequences
(5300 sequences/sample). For an exploratory investigation into
potential associations between enterotypes and treatment out-
comes, we employed a pragmatic enterotyping scheme in which
study participants were subdivided (14) depending on their
baseline microbiota composition into a high-Prevotella group
(ratio of Prevotella genus >0.20; n = 10), a high-Bacteroides
group (ratio of Bacteroides genus >0.35; n = 12), and a low—
Prevotella and Bacteroides group (n = 18) (see Figure 3).
The latter low group was characterized by a high proportion
of Firmicutes in line with previous results (14, 32) and is
therefore referred to as the Firmicutes group. In contrast to others
(33) we did not observe a bimodal distribution and therefore
could not use cutoff values based on such conditions (14, 33).
Instead, we selected cutoff values from an iterative process
where different cutoff values were investigated against effects on
clinical outcomes (LDL cholesterol) and where the outcome of
the settings was monitored by log proportion of Prevotella plotted
against log proportion of Bacteroides. The selected cutoff values
resulted in clear separation into 3 enterotypes (Supplemental
Figure 1). Our approach is highly explorative and needs to be
verified in larger study settings.

SCFAs in fecal samples

SCFAs (acetate, propionate, and butyrate) were analyzed in
fecal samples by GC-MS according to a method described
elsewhere (34). Briefly, 20 mg fecal sample was homogenized
in 4 mL water along with metal beads for 5 min at 2000
x g and 4°C in a vortex mixer [VWR, Darmstadt, Germany
(DVX-2500)]. A total volume of 400 uL of the supernatant was
transferred to an Eppendorf tube and mixed with an internal
standard solution mixed with metaphosphoric acid. The extract
was washed with propylformate, and the solution was centrifuged
at4°C at 16,000 x g for 15 min. A total volume of 150 uL of the
upper phase was pipetted to a GC vial and analyzed in random
order along with blanks and reference standards for the standard
curve. The sample was injected on a Shimadzu GC-MSTQ8030.
SCFAs were separated on a 30-m x 0.25-um Zebron ZB-FFAP
(Phenomenex, Torrance, USA) column using helium as carrier
gas. The temperature program started at 40°C and was ramped
in a gradient up to 250°C. Acetate, propionate, and butyrate
were quantified in single-ion monitoring mode. The analysis was
conducted at Chalmers.

Statistical analyses

Statistical evaluation of the effect of treatment on glucose,
insulin, lipids (total, HDL and LDL cholesterol, triglycerides),
BMI, waist circumference, blood pressure (systolic and di-
astolic), and enterolignans was performed by mixed-effects
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FIGURE 3 Baseline gut microbiota composition at the family level (f) across 3 enterotypes: high Prevotella (red numbers), high Bacteroides (green
numbers), and low Prevotella and Bacteroides (blue numbers) in the ELIN crossover intervention study (n = 40).

modeling (PROC MIXED) on completed cases in the SAS sta-
tistical software release 9.4 (SAS Institute). Diet, period, and
diet x period were included as fixed factors and subject
as a random factor in the models. The baseline value for
each dependent variable (calculated as the average of the 2
intervention arm baseline values) was included as a covariate. All
concentration variables were log-transformed before analysis to
normalize residual distributions, and estimates were then back-
transformed to the original scale. Homoscedasticity and normal-
ity were assessed by residual and quantile-quantile plots for all
models.

The effect of treatment on microbiota composition was
analyzed by random forest analyses using the Multivariate
Methods with Unbiased Variable Selection in R (MUVR)
package (35) in the R environment for statistical computing
version 3.5.1 (R Foundation for Statistical Computing; https:
/Iwww.R-project.org/). The MUVR algorithm performs random
forest modeling with unbiased selection of the most informative
features through recursive feature elimination within a repeated
double cross-validation procedure, which also reduces the
likelihood of false-positive findings (35). Random forest analysis
was performed in multilevel mode (35, 36) (i.e., considering
the sample dependency from repeated measurements). Treatment
effects were investigated using log fold-change in relative
abundance of microbial taxa between the 2 interventions at

8 wk as independent variables, using counts from both OTU and
genus-level combined. Within-treatment effects were similarly
investigated using log fold-change between 8 wk and baseline.
In addition, to investigate the effect of lignan capsules, log fold-
change between 4 and 8 wk in the WG rye arm was used.
Microbiota data were filtered prior to analysis, removing those
OTUs that were not present in >50% of samples from >1 of
the investigated groups (with treatment x time point considered
as grouping factors). This reduced the number of OTUs from
4854 (85% zero counts) to 428 (38% zero counts). Zero counts
were substituted with 1 x 107 before log-transformation. The
significance of multivariate models was assessed by permutation
tests (n = 100). Up- and downregulation of microbiota variables
(OTUs and genera) selected from multivariate modeling was
further assessed by paired ¢ tests (Figure 4).

The exploratory evaluation of the effect of baseline microbiota
composition on the above-listed clinical outcomes was performed
by linear modeling in R. Models included enterotype (Prevotella,
Bacteroides, or Firmicutes) as a fixed factor. Within-treatment
effects were investigated separately for the WG rye and WG
wheat treatments using differences in clinical outcome variables
between either 4 or 8 wk and baseline as the dependent
variable. Between-treatment effects were similarly investigated
using differences in clinical outcome variables between the 2
interventions at either 4 or 8 wk.
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FIGURE 4 Relative abundance for species (OTUs; numbers in parenthesis) and genera between treatment (top; vertical center lines separate WG wheat
in white on the left and WG rye in gray on the right) and within WG rye treatment (bottom; vertical center lines separate baseline in white on the left and

8 wk in gray on the right) with corresponding mean FC and P values obtained from paired 7 test. Horizontal lines correspond to median values and thicker black

center lines correspond to IQR (box) ranges. FC, fold-change; OTU, operational taxonomic unit; WG, whole-grain.
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Results

Baseline characteristics of the participants are shown in
Table 2. The median age at recruitment was 68 y [percentile
(P) 5-P95: 49-74] and the median BMI (in kg/m?) was 30.5
(P5-P95: 26.8-38.5). The reported median habitual WG product
intake was high (almost 120 g/d; P5-P95: 0-650). However, the
median total alkylresorcinol concentration only corresponded to
a low WG intake (46.8 nmol/L; 17.6-146.9, corresponding to
about the average intake of 35 g/d in the Swedish population)
(25). Based on the ratio of the alkylresorcinols C17:0/C21:0,
the primary source of WG among the participants was wheat
(Table 2). Thirty-three participants met the international def-
inition of MetS. The metabolic profile of the remaining 7
participants was characterized primarily by a combination of high
waist circumference and increased fasting glucose and elevated
blood pressure (Table 3). The intakes of macronutrients, fiber
types, and lignans from the intervention diets are described
in Table 4.

Compliance based on product diaries and alkylresorcinols

Self-reported compliance, assessed by product checklists,
was high for both rye (median: 96.7%j; range: 72—-111%) and
wheat (median: 97.6%; minimum—maximum: 40-104%) diets.
Compliance was also assessed by alkylresorcinols that increased
in both groups after 4 and 8§ wk of treatment. The C17:0 to
C21:0 ratio increased in the rye treatment arm (P < 0.0001)
and decreased in the wheat treatment arm (P < 0.0001),
confirming high intakes of WG rye and WG wheat, respectively.
Secoisolariciresinol concentration increased after SDG capsules
were introduced at week 4 in the rye compared with the wheat
diet (P < 0.0001), indicating compliance to the SDG capsules
(Table 5).

Enterolignans in plasma and urine

Plasma and urine enterolactone and enterodiol concentrations
increased following lignan supplementation to the rye diet
between 4- and 8-wk visits and were significantly higher
compared with the wheat diet at 8 wk (P < 0.0001; Table 5).
No differences were observed between baseline and 4 wk in
the rye intervention or between any 2 time points in the wheat
intervention.

Effects on glucose and insulin after OGTT

Plasma glucose and insulin concentration profiles in response
to OGTT did not differ between or within diets (Table 5). We
also evaluated effects on HOMA-IR and the Matsuda index, but
no significant differences were found between the diets (data not
shown).

Effects on cardiometabolic risk factors

No differences were observed between intervention diets for
BMI, waist circumference, triglycerides, and systolic or diastolic
blood pressure (Table 5). After 4 wk of the rye diet, LDL- and
total-cholesterol concentrations were lower compared with the
wheat diet. This difference was no longer apparent after 8 wk of

the intervention. No difference between diets was observed for
either HDL cholesterol or triglycerides.

Effect of intervention on gut microbiota composition

Microbiota composition differed between the rye and wheat
diets at 8 wk [classification rate (cr): 71%; P = 0.033] as
well as within the rye diet from baseline to 8 wk of the
intervention (cr: 85%; P = 0.0016), but not within the wheat
diet (cr: 68%; P = 0.074) (Figure 4). Moreover, no difference in
microbiota composition was observed following lignan capsule
supplementation (i.e., from 4 to 8 wk of intervention in the rye
arm; cr: 30%; P = 0.952).

Rye compared with wheat resulted in lower relative abundance
of the Clostridium as well as an unannotated Clostridiales genus
(Figure 4). In addition, several OTUs of the Roseburia and
Coprococcus genera as well as unannotated Lachnospiraceae
were either increased or decreased. Within the rye diet, an
increased relative abundance was observed for the Bifidobac-
terium genus, whereas downregulation was observed for the
Lachnospira and Butyricicoccus genera as well as for species
of the Coprococcus and Oscillospira genera and unannotated
Lachnospiraceae and Ruminococcaceae. Again, both up- and
downregulation occurred between species of the Roseburia genus
(Figure 4).

Exploratory analysis: association of baseline gut microbiota
enterotype with outcomes

Of the investigated outcome variables, treatment differences
in total and LDL cholesterol, triglycerides, as well as diastolic
blood pressure were associated with enterotype. We found no
significant differences in any measured outcome variables across
metabotypes at baseline. In individuals with a high proportion
of Prevotella, total cholesterol decreased after the rye diet
compared with baseline (P = 0.006). Conversely, in those with
high Bacteroides, total cholesterol decreased after the wheat diet
compared with baseline (P = 0.034). These results were also
reflected in the difference in total cholesterol between treatments
(P = 0.003; Supplemental Figure 2). Similar results, albeit
less pronounced, were observed also for LDL cholesterol and
triglycerides. Moreover, triglycerides were also increased after
the rye diet in the group characterized by high Firmicutes.
In addition, diastolic blood pressure showed a differential
effect between the wheat and rye arms for the Bacteroides
compared with Firmicutes enterotypes (P = 0.018; Supplemental
Figure 2).

SCFAs in fecal samples

Among the SCFAs, only butyrate differed significantly be-
tween overall treatment, with higher concentrations after the
consumption of WG rye/lignans compared with WG wheat
(P < 0.03). When testing the combination of SCFAs and
treatment contrasts by enterotype, propionate tended to be higher
after the rye treatment in the Prevotella enterotype after 4 and
8 wk compared with the Bacteroides enterotype (Supplemental
Figures 3 and 4). However, the sample size is small, and results
need to be interpreted with caution.
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TABLE 2 Baseline characteristics of participants in the ELIN crossover intervention study'

Mean £ SD Median (P5-P95)
Age,y 65 + 8 68 (49-74)
Waist circumference,? cm 1134 + 8.1 111.5 (103.5-132)
BMLI,? kg/m? 309 + 3.3 30.5 (26.8-38.5)
Systolic blood pressure,> mmHg 141.1 £ 125 140 (120-160)
Diastolic blood pressure,> mmHg 83.6 = 9.0 80 (70-102.5)
Total cholesterol, mmol/L 547 £ 0.7 5.45 (4.35-6.8)
HDL cholesterol, mmol/L 1.23 £ 03 1.20 (0.90-1.9)
LDL cholesterol, mmol/L 322 £ 0.7 3.10 (2.25-4.4)
Triglycerides, mmol/L 1.59 £ 0.8 1.41 (0.87-2.8)
Fasting glucose, mmol/L 5.7 £ 0.5 5.65 (4.90-6.75)
Fasting insulin, mmol/L 8.8 £ 54 7.65 (3.1-19.0)
Glucose AUC, mmol/L 949.7 + 160.6 951 (734-1241)
Insulin AUC, mmol/L 5967 £ 4668 4898 (2184-17,651)
Plasma enterolactone, nmol/L 27.3 £ 26.3 17.0 (7.2-73.4)
Urine enterolactone, nmol/L 6413.3 £+ 6678.9 4357.4 (513.5-25,246.4)
Plasma enterodiol, nmol/L 1.63 £ 1.29 1.21 (0.22-4.55)
Urine enterodiol, nmol/L 505.4 + 1026.1 214.6 (31.2-1453.9)
Total alkylresorcinols, nmol/L 62.90 + 46.7 46.76 (17.6-146.9)
C17:C21 alkylresorcinol ratio 037 £ 0.2 0.33 (0.11-0.8)
Secoisolariciresinol, mmol/L 25 £ 1.6 2.2(1.2-4.9)
Habitual cereal intake, g/d 139.2 + 117.8 133.5 (0-650)
Habitual intake of WG products, g/d 126.6 + 117.0 119.6 (0-650)

'n = 40. AUC was determined following 75 g of oral-glucose-tolerance test after 120 min. P, percentile; WG,

whole-grain.
2n = 1 missing.
3n = 2 missing.

Discussion

In this randomized crossover trial with WG rye and additional
SDG supplementation compared with WG wheat diets, we
found no effect on response to OGTT, indicting no major
effects on insulin sensitivity. For secondary outcomes, the only
observed effect was a lowering of total and LDL cholesterol
at 4 wk after the rye compared with the wheat diet (and
with baseline), but this effect was attenuated after 8 wk.
Microbiota composition differed between rye and wheat diets
and between baseline and 8 wk within the rye intervention.
No difference in composition was observed within the wheat
diet or following lignan capsules. Interestingly, we found
in exploratory analyses that effects on blood lipid outcomes
following WG interventions were associated with enterotype at
baseline.

TABLE 3 Overview of metabolic syndrome components and number of
completing participants meeting these

Components of the metabolic syndrome

Waist circumference >102 cm 39
Systolic blood pressure >130 mmHg or diastolic blood 35
pressure >85 mmHg
HDL cholesterol <1.03 mmol/L 11
Triglycerides >1.70 mmol/L 7
Fasting glucose >5.6 mmol/L 38
Number of participants meeting the international definition 33

of the metabolic syndrome

High compliance to test diets was observed based on the
ratio of plasma alkylresorcinol homologs C17:0 and C21:0 (high
ratio = high rye intake, low ratio = high wheat intake) for the
WG diet and on secoisolariciresinol for SDG capsules.

The lipid-lowering properties of rye may be caused by
arabinoxylan through, for example, effects on bile acid reabsorp-
tion that may have been lowered due to viscous arabinoxylan
from the WG rye. Cholesterol-lowering effects of WG rye
compared with refined wheat have been observed in a few
intervention studies (37, 38). The evidence for a lipid-lowering
effect seems more pronounced among individuals with high
initial cholesterol concentrations, which may partly explain the
attenuation of effect on LDL cholesterol after 8 wk in the current
study (39).

Consistent evidence from observational studies supports that
the consumption of WG foods is beneficial for prevention of T2D
(40). However, studies that evaluate the effects of specific types
of WGs are lacking (41). For the current study, we hypothesized
that WG rye would have a greater impact on the investigated
cardiometabolic health outcomes compared with WG wheat.
The higher fermentability and subsequent formation of SCFAs
as well as the lower postprandial insulin responses (42) after
consuming rye compared with wheat found in other studies
support this hypothesis, but overall findings on investigated
parameters under fasting conditions in the current study give
limited support for that, except for effects on blood lipids (see
below). Soluble fiber in rye may induce beneficial effects from
delaying gastric emptying, which affects glucose absorption rate
(43). Lignans, which are present in relatively high amounts in
especially rye (44), have been linked with improved glycemic
control (glycated hemoglobin) among persons with T2D (22)
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TABLE 4 Macronutrient and lignan intake as reported in product diaries for intervention periods: baseline—4 wk and
4-8 wk: a randomized crossover trial'

Intervention: baseline—4 wk Intervention: 4-8 wk

WG rye WG wheat WG rye + SDG capsules WG wheat
Total energy, kcal 814 826 820 830
Carbohydrate, g 155 137 156 138
Fat, g 4 12 4 12
Protein, g 19 28 19 28
Fiber, g 35.1 27.5 354 27.9
Total lignans, pg 6961 3214 2,794,528 3338
Total free lignans, pg 927 367 262,613 383
Secoisolariciresinol, pg 68 131 2,709,621 131
Isolariciresinol, pg 139 84 5151 87
Matairesinol, pg 65 5 215 7
Pinoresinol, pg 123 40 274 43
Syringaresinol, pg 5716 2269 5937 2375
Medieresinol, pg 474 467 482 473
Lariciresinol, pg 375 217 2233 223

!'Values are means of self-reported intervention product intake per day for each intervention period: 0—4 wk and
4-8 wk. SDG, secoisolariciresinol diglucoside; WG, whole-grain.

and lowering of fasting plasma glucose among persons with  insulin secretion among men from the Health Professionals
high cholesterol (23). Only limited and inconsistent results from  Follow-Up Study (48), but this was not supported by the current
observational studies exist supporting the association between  study despite the highly compliant intake of SDG capsules,
enterolignans in urine (45, 46) or lignan intake (47) and risk of  verified by lignan concentrations in plasma. To sum up, there
T2D. However, higher lignan intake was associated with reduced  is consistent evidence of a beneficial role of WGs for T2D

TABLE 5 Effects of a crossover WG and lignan intervention on cardiometabolic outcomes comparing rye (&= SDG lignans) and wheat at 4 and 8 wk of
intervention!

3
4 wk: WG rye 8 wk: WG rye + SDG P
vs. wheat? vs. wheat? Treatment Time Treatment X time

Primary outcomes, AUC

Glucose, mmol/L —0.02 £+ 0.02 0.02 £+ 0.02 0.86 0.85 0.12

Insulin, mmol/L —0.02 £ 0.07 0.07 + 0.07 0.70 0.56 0.16
Secondary outcomes

Plasma ENL, nmol/L —0.01 £ 0.19 2.09 £+ 0.19*** <0.0001 <0.0001 <0.0001

Urine ENL, nmol/L 0.13 + 0.19 2.18 £ 0.19*** <0.0001 <0.0001 <0.0001

Plasma END, nmol/L 0.53 + 0.29 5.08 + 0.29*** <0.0001 <0.0001 <0.0001

Urine END nmol/L 0.29 + 0.23 490 + 0.23%* <0.0001 <0.0001 <0.0001

Total cholesterol, mmol/L —0.06 £ 0.02** —0.02 £ 0.02 0.04 0.85 0.09

HDL cholesterol, mmol/L —0.05 £+ 0.02 —0.02 £ 0.02 0.06 0.94 0.28

LDL cholesterol, mmol/L —0.09 £ 0.03** —0.01 £ 0.03 0.03 0.54 0.03

Triglycerides, mmol/L 0.07 = 0.04 0.06 = 0.04 0.06 0.99 0.87

BML* kg/m? 0.08 £ 0.13 0.07 £ 0.13 0.54 0.46 0.91

Waist circumference,* cm 0.26 + 0.60 0.74 + 0.60 0.33 0.01 0.45

Systolic blood pressure,” mmHg 1.94 £+ 2.16 1.68 + 2.16 0.32 0.91 0.91

Diastolic blood pressure,” mmHg 3.30 + 1.76 1.09 £ 1.76 0.16 0.13 0.23
Compliance markers

ARs, nmol/L 0.06 &+ 0.12 0.14 + 0.12 0.32 0.72 0.48

AR 17:0:21:0 ratio 0.52 £+ 0.05*** 0.52 £+ 0.05*** <0.0001 0.10 0.98

Secoisolariciresinol, nmol/L 0.35 £ 0.23 475 £ 0.23%** <0.0001 <0.0001 <0.0001

'n = 40. AR, alkylresorcinol; END, enterodiol; ENL, enterolactone; SDG, secoisolariciresinol diglucoside; WG, whole-grain.

2Least-square mean estimates 4= SEs at the specific time point with P values calculated as contrasts (using the SAS SLICE statement) at the significance
levels **P < 0.01, ***P < 0.001, for comparisons where statistically significant treatment or treatment x period effects were found.

3Mixed-effects modeling with diet, period, and diet x period included as fixed factors and subject as a random factor. Baseline values for each
dependent variable (calculated as the average of the 2 intervention arm baseline values) included as a covariate.

4n = 1 missing.

Sn =2 missing.
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prevention. On the contrary, the proposed effects from rye and
lignans are not consistently reflected in the few human studies,
including the current study. The apparent lack of effect of the rye
compared with wheat intervention on the primary endpoint could
be due to the already high reported intake of WG wheat and rye at
baseline among the subjects. Furthermore, it has been suggested
that initial gut microbiota composition affects response to dietary
interventions (49). The lack of observed effect on metabolic
outcomes in the current study could therefore be partly explained
by the relatively small sample size, which would increase the
risk of unequal distribution of responders and nonresponders.
Furthermore, the expected difference of 8% in 2-h OGTT might
have been too ambitious, and the sample size thus too small to
detect smaller true effects. Studies where intervention foods high
in WG are tested in populations with low habitual consumption
are warranted.

Treatment effects on gut microbiota composition

A previous 12-wk intervention comparing WG rye with
refined wheat bread reported no effect on intestinal microbiota
composition (50). Moreover, in a 1-wk crossover intervention,
WG bread did not affect glycemic response or gut micro-
biota composition compared with refined bread (51), although
glycemic response was associated with baseline microbiota
compositions. Contrary to those previous studies, we found an
effect of the WG rye intervention on the microbiota composition
in the exploratory analysis of the present study, with an increase
in Bifidobacterium and a decrease in several OTUs within the
Lachnospiraceae family. The Bifidobacterium genus consists
of saccharolytic, acetate-producing bacteria normally found as
a part of the intestinal microbiota and generally considered
beneficial for host health (52). Bifidobacteria are commonly
a target group for prebiotic therapies, and it has been shown
that prebiotic oligosaccharides, such as inulin, stimulate growth
of bifidobacteria (53). Rye kernels and rye kernel bread were
previously shown to contribute to increased relative abundances
of Bifidobacterium in vitro (54). This may be linked to conversion
of arabinoxylan to arabinoxylan oligosaccharides, which can
be utilized and stimulate growth of bifidobacteria (55). Since
higher abundance of bifidobacteria did not result in any clear
metabolic effects in the current study, it could be speculated
whether bifidobacteria in fact colonize the gut or simply reside on
the WG residues. Our results are in line with those from a study
by Kjglbak and colleagues (56), where increased abundance
of bifidobacteria was observed but not followed by effects on
metabolic outcomes. The effects on microbiota composition were
likely related to the consumption of WG rye and not from
the lignan capsules, as evidenced by the lack of differences
between 4 and 8 wk. WG wheat, on the other hand, did
not show effects on the microbiota composition at 8 wk of
the intervention. This indicates that WG wheat consumption
may be more similar to baseline diet than WG rye, or that
WG wheat does not induce as large effects on microbiota
composition. However, the microbiota composition at 4 wk
differed from both baseline and 8 wk (Supplemental Figure
5). The vast majority of microbiota species that were either
up- or downregulated from baseline to 4 wk were regulated in
the opposite direction from 4 wk to 8 wk, indicating that the

WG wheat diet—induced effects on microbiota composition are
transient.

Baseline enterotype associated with treatment outcomes

Interestingly, the Prevotella and Bacteroides enterotypes were
differentially associated with lipid profile for the 2 interventions.
An improvement in lipid profile (lower triglycerides and total
and LDL cholesterol) was observed for the enterotype rich in
Prevotella after WG rye but not after WG wheat. In contrast,
lower triglycerides (and borderline total and LDL cholesterol)
was observed for the Bacteroides enterotype after WG wheat but
not after WG rye. Previous studies have associated Prevotella
to Bacteroides ratio with differential outcomes to dietary
interventions, where a high ratio was associated with improved
glucose metabolism (57), higher total cholesterol (58), and
increased weight loss (59-61) with a high-fiber compared with
a low-fiber diet. It is therefore implied that WGs rich in dietary
fiber in general should benefit predominantly the Prevotella but
not the Bacteroides enterotype. Our results indicate that the
enterotypes respond differently not only to the amount but also
to the type of WG, possibly reflecting differential responses to
different profiles of dietary fiber and/or bioactive compounds.
This is supported by data from an in vitro study where it was
found that fecal samples from individuals with the Prevotella
and Bacteroides enterotypes showed different capabilities in
fermenting 3 different types of dietary fiber (62). WG rye contains
fructans and more soluble arabinoxylans (63) than wheat (64)
and is therefore more fermentable by the gut microbiota. It
appears that the cholesterol-lowering effect after 4 wk of WG
rye in the Prevotella enterotype in the current study is concurrent
with higher fecal propionate concentrations and a nonsignificant
tendency for acetate and butyrate (Supplemental Figures 3 and 4).
Propionate has been shown to reduce lipogenesis and cholesterol
synthesis in the liver (65) and may, in this way, have contributed
to the cholesterol-lowering effect observed in the present study.
Our finding of higher propionate for the Prevotella enterotype
is in agreement with the results reported by Chen et al. (62), but
further studies of larger sample sizes are needed to verify findings
across enterotypes.

Conclusions

WG rye compared with WG wheat did not affect glucose
metabolism in men with MetS, but transient effects on total
and LDL cholesterol were observed with a reduction following
diet with WG rye compared with WG wheat after 4 wk of an
intervention, which was not present after 8 wk. Supplementing
the WG rye with SDG, which resulted in the highest enterodiol
and enterolactone concentrations measured in fasting samples
after an intervention, appeared to have no impact on any of
the investigated metabolic factors. WG rye resulted in a higher
abundance of the Bifidobacterium genus and a lower abundance
of the Lachnospira and Butyricicoccus genera. Moreover,
exploratory analysis of our study suggests for the first time an
associated differential effect of WG wheat and rye intake on
blood lipids and blood pressure across 3 different enterotypes.
The blood lipid profile was improved by WG rye intervention for
the Prevotella and by WG wheat for the Bacteroides enterotype.



Whole grains and lignans and cardiometabolic risk

These findings need to be validated in a randomized trial
setting where similar treatments are provided across enterotype
strata.

We thank Nick Martinussen for assistance with data preparation (Danish
Cancer Research Center), project nurses Catarina Lovgren and Elise Nordin,
and students Linda Deissler and Ellinore Svensson.

The authors’ responsibilities were as follows—AKE, RL, AT, AO, CK:
designed the study; PMH: was the responsible medical doctor; AKE, KNI,
RL: conducted the study in Uppsala; AKE: coordinated sample analysis and
analyzed data (except for the microbiota part) and wrote the first draft with
assistance from MM; NPN, KEBK: were responsible for analyzing plant
and enterolignans; JD, YH: conducted the fecal microbiome analyses; LS:
preprocessed the microbiome data; JD, RL, CB: interpreted data and cowrote
parts of the manuscript (microbiota); RF: conducted the SCFA analyses;
UR: provided important advice regarding the setup of the study, provided
study facilities, and provided feedback on the manuscript; AKE, RL: were
responsible for the integrity of the work as a whole; and all authors: read and
contributed valuable inputs to the manuscript and read and approved the final
manuscript. The authors report no conflicts of interest.

References

1. Shin JA, Lee JH, Lim SY, Ha HS, Kwon HS, Park YM, Lee WC, Kang
MI, Yim HW, Yoon KH, et al. Metabolic syndrome as a predictor of
type 2 diabetes, and its clinical interpretations and usefulness. J Diabetes
Investig 2013;4(4):334-43.

2. Engin A. The definition and prevalence of obesity and metabolic
syndrome. Adv Exp Med Biol 2017;960:1-17.

3. Mozaffarian D. Dietary and policy priorities for cardiovascular
disease, diabetes, and obesity: a comprehensive review. Circulation
2016;133(2):187-225.

4. Jones JM, Anderson JW. Grain foods and health: a primer for clinicians.
Physician Sports Med 2008;36(1):18-33.

5. Reynolds A, Mann J, Cummings J, Winter N, Mete E, Te Morenga L.
Carbohydrate quality and human health: a series of systematic reviews
and meta-analyses. Lancet 2019;393(10170):434-45.

6. Liese AD, Roach AK, Sparks KC, Marquart L, D’Agostino RB
Jr, Mayer-Davis EJ. Whole-grain intake and insulin sensitivity: the
Insulin Resistance Atherosclerosis Study. Am J Clin Nutr 2003;78(5):
965-71.

7. Poutanen KS, Dussort P, Erkner A, Fiszman S, Karnik K, Kristensen
M, Marsaux CF, Miquel-Kergoat S, Pentikdinen SP, Putz P, et al. A
review of the characteristics of dietary fibers relevant to appetite and
energy intake outcomes in human intervention trials. Am J Clin Nutr
2017;106(3):747-54.

8. de Mello VD, Paananen J, Lindstrom J, Lankinen MA, Shi L, Kuusisto
J, Pihlajaméki J, Auriola S, Lehtonen M, Rolandsson O, et al.
Indolepropionic acid and novel lipid metabolites are associated with a
lower risk of type 2 diabetes in the Finnish Diabetes Prevention Study.
Sci Rep 2017;7:46337.

9. Jonsson K, Andersson R, Bach Knudsen KE, Hallmans G, Hanhineva
K, Katina K, Kolehmainen M, Kyrg C, Langton M, Nordlund E, et al.
Rye and health - Where do we stand and where do we go? Trends Food
Sci Technol 2018;79:78-87.

10. Mclntosh GH, Noakes M, Royle PJ, Foster PR. Whole-grain rye and
wheat foods and markers of bowel health in overweight middle-aged
men. Am J Clin Nutr 2003;77(4):967-74.

11. SuhrJ, Vuholm S, Iversen KN, Landberg R, Kristensen M. Wholegrain
rye, but not wholegrain wheat, lowers body weight and fat mass
compared with refined wheat: a 6-week randomized study. Eur J Clin
Nutr 2017;71(8):959-67.

12. Kahrstrom CT, Pariente N, Weiss U. Intestinal microbiota in health and
disease. Nature 2016;535(7610):47.

13. Sonnenburg JL, Backhed F. Diet-microbiota interactions as moderators
of human metabolism. Nature 2016;535(7610):56-64.

14. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
Fernandes GR, Tap J, Bruls T, Batto JM, et al. Enterotypes of the human
gut microbiome. Nature 2011;473(7346):174-80.

15. Costea PI, Hildebrand F, Arumugam M, Backhed F, Blaser MJ,
Bushman FD, de Vos WM, Ehrlich SD, Fraser CM, Hattori M, et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

875

Enterotypes in the landscape of gut microbial community composition.
Nat Microbiol 2018;3(1):8-16.

. Kovatcheva-Datchary P, Nilsson A, Akrami R, Lee YS, De Vadder

F, Arora T, Hallen A, Martens E, Bjorck I, Bickhed F. Dietary
fiber-induced improvement in glucose metabolism is associated
with increased abundance of Prevotella. Cell Metab 2015;22(6):
971-82.

. Lind L, Elmstahl S, Bergman E, Englund M, Lindberg E, Michaelsson

K, Nilsson PM, Sundstrom J. EpiHealth: a large population-based
cohort study for investigation of gene-lifestyle interactions in the
pathogenesis of common diseases. Eur J Epidemiol 2013;28(2):189-97.

. Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI,

Donato KA, Fruchart JC, James WP, Loria CM, Smith SC Jr;
International Diabetes Federation Task Force on Epidemiology and
Prevention; National Heart, Lung, and Blood Institute; American Heart
Association; World Heart Federation; International Atherosclerosis
Society. Harmonizing the metabolic syndrome: a joint interim
statement of the International Diabetes Federation Task Force on
Epidemiology and Prevention; National Heart, Lung, and Blood
Institute; American Heart Association; World Heart Federation;
International Atherosclerosis Society; and International Association for
the Study of Obesity. Circulation 2009;120(16):1640-5.

. Rynders CA, Weltman JY, Jiang B, Breton M, Patrie J, Barrett EJ,

Weltman A. Effects of exercise intensity on postprandial improvement
in glucose disposal and insulin sensitivity in prediabetic adults. J Clin
Endocrinol Metab 2014;99(1):220-8.

Nordic Council of Ministers. Nordic Nutrition Recommendations
2004. Energy. In: Integrating nutrition and physical activity 4th
ed. Copenhagen (Denmark): Nordic Council of Ministers; 2004.
p. 109-38.

Theander O, Aman P, Westerlund E, Andersson R, Pettersson D. Total
dietary fiber determined as neutral sugar residues, uronic acid residues,
and Klason lignin (the Uppsala method): collaborative study. ] AOAC
Int 1995;78(4):1030-44.

Pan A, Sun J, Chen Y, Ye X, Li H, Yu Z, Wang Y, Gu W, Zhang X,
Chen X, et al. Effects of a flaxseed-derived lignan supplement in type
2 diabetic patients: a randomized, double-blind, cross-over trial. PLoS
One 2007;2(11):e1148.

Zhang W, Wang X, Liu Y, Tian H, Flickinger B, Empie MW, Sun
SZ. Dietary flaxseed lignan extract lowers plasma cholesterol and
glucose concentrations in hypercholesterolaemic subjects. Br J Nutr
2008;99(6):1301-9.

Lin Y, Wolk A, Hakansson N, Pefialvo JL, Lagergren J, Adlercreutz
H, Lu Y. Validation of FFQ-based assessment of dietary lignans
compared with serum enterolactone in Swedish women. Br J Nutr
2012;109(10):1873-80.

Ross AB. Present status and perspectives on the use of alkylresorcinols
as biomarkers of wholegrain wheat and rye intake. J Nutr Metab
2012;2012:462967.

Ross AB, Svelander C, Savolainen OI, Lind MV, Kirwan JP, Breton
I, Godin JP, Sandberg AS. A high-throughput method for liquid
chromatography-tandem mass spectrometry determination of plasma
alkylresorcinols, biomarkers of whole grain wheat and rye intake. Anal
Biochem 2016;499:1-7.

Norskov NP, Olsen A, Tjonneland A, Bolvig AK, Laerke HN, Knudsen
KE. Targeted LC-MS/MS method for the quantitation of plant lignans
and enterolignans in biofluids from humans and pigs. J Agric Food
Chem 2015;63(27):6283-92.

Norskov NP, Knudsen KEB. Validated LC-MS/MS method for the
quantification of free and bound lignans in cereal-based diets and feces.
J Agric Food Chem 2016;64(44):8343-51.

Herlemann DP, Labrenz M, Jiirgens K, Bertilsson S, Waniek JJ,
Andersson AF. Transitions in bacterial communities along the 2000 km
salinity gradient of the Baltic Sea. ISME J 2011;5(10):1571-9.

Miiller B, Sun L, Westerholm M, Schniirer A. Bacterial community
composition and fhs profiles of low- and high-ammonia biogas digesters
reveal novel syntrophic acetate-oxidising bacteria. Biotechnol Biofuels
2016;9:48.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pefia AG, Goodrich JK, Gordon JI, et al. QIIME
allows analysis of high-throughput community sequencing data. Nat
Methods 2010;7(5):335-6.

Costea PI, Hildebrand F, Arumugam M, Bickhed F, Blaser MJ,
Bushman FD, de Vos WM, Ehrlich SD, Fraser CM, Hattori M, et al.



876

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Eriksen et al.

Enterotypes in the landscape of gut microbial community composition.
Nat Microbiol 2018;3(1):8-16.

. Vandeputte D, Kathagen G, D’Hoe K, Vieira-Silva S, Valles-Colomer

M, Sabino J, Wang J, Tito RY, De Commer L, Darzi Y, et al.
Quantitative microbiome profiling links gut community variation to
microbial load. Nature 2017;551(7681):507-11.

Roager HM, Vogt JK, Kristensen M, Hansen LBS, Ibriigger S,
Mearkedahl RB, Bahl MI, Lind MV, Nielsen RL, Frgkier H, et al.
Whole grain-rich diet reduces body weight and systemic low-grade
inflammation without inducing major changes of the gut microbiome: a
randomised cross-over trial. Gut 2019;68(1):83-93.

Shi L, Westerhuis JA, Rosén J, Landberg R, Brunius C. Variable
selection and validation in multivariate modelling. Bioinformatics
2019;35(6):972-80.

Westerhuis JA, van Velzen EJ, Hoefsloot HC, Smilde AK.
Multivariate paired data analysis: multilevel PLSDA versus OPLSDA.
Metabolomics 2010;6(1):119-28.

Leinonen KS, Poutanen KS, Mykkanen HM. Rye bread decreases
serum total and LDL cholesterol in men with moderately elevated serum
cholesterol. J Nutr 2000;130(2):164-70.

Hallikainen M, Toppinen L, Mykkanen H, Agren JJ, Laaksonen DE,
Miettinen TA, Niskanen L, Poutanen KS, Gylling H. Interaction
between cholesterol and glucose metabolism during dietary
carbohydrate modification in subjects with the metabolic syndrome.
Am J Clin Nutr 2006;84(6):1385-92.

Whitehead A, Beck EJ, Tosh S, Wolever TMS. Cholesterol-lowering
effects of oat B-glucan: a meta-analysis of randomized controlled trials.
Am J Clin Nutr 2014;100(6):1413-21.

Reynolds A, Mann J, Cummings J, Winter N, Mete E, Te Morenga L.
Carbohydrate quality and human health: a series of systematic reviews
and meta-analyses. Lancet North Am Ed 2019;393(10170):434-45.
Frolich W, Aman P. Whole grain for whom and why? Food Nutr Res
2010;54:5056.

Lappi J, Mykkdnen H, Knudsen KEB, Kirjavainen P, Katina K,
Pihlajamiki J, Poutanen K, Kolehmainen M. Postprandial glucose
metabolism and SCFA after consuming wholegrain rye bread and wheat
bread enriched with bioprocessed rye bran in individuals with mild
gastrointestinal symptoms. Nutr J 2014;13(1):104.

Fardet A. New hypotheses for the health-protective mechanisms of
whole-grain cereals: what is beyond fibre? Nutr Res Rev 2010;
23(1):65-134.

Tetens I, Turrini A, Tapanainen H, Christensen T, Lampe JW, Fagt S,
Hakansson N, Lundquist A, Hallund J, Valsta LM; Phytohealth WP1
Working Group. Dietary intake and main sources of plant lignans in
five European countries. Food Nutr Res 2013;57:19805.

Sun Q, Wedick NM, Pan A, Townsend MK, Cassidy A, Franke AA,
Rimm EB, Hu FB, van Dam RM. Gut microbiota metabolites of dietary
lignans and risk of type 2 diabetes: a prospective investigation in two
cohorts of U.S. women. Diabetes Care 2014;37(5):1287-95.

Talaei M, Lee BL, Ong CN, van Dam RM, Yuan JM, Koh WP, Pan A.
Urine phyto-oestrogen metabolites are not significantly associated with
risk of type 2 diabetes: the Singapore Chinese Health Study. Br J Nutr
2016;115(9):1607-15.

Zamora-Ros R, Forouhi NG, Sharp SJ, Gonzalez CA, Buijsse B,
Guevara M, van der Schouw YT, Amiano P, Boeing H, Bredsdorff L,
et al. The association between dietary flavonoid and lignan intakes and
incident type 2 diabetes in European populations: the EPIC-InterAct
study. Diabetes Care 2013;36(12):3961-70.

van der Schouw YT, Sampson L, Willett WC, Rimm EB. The usual
intake of lignans but not that of isoflavones may be related to
cardiovascular risk factors in U.S. men. J Nutr 2005;135(2):260-6.
Zhao L, Zhang F, Ding X, Wu G, Lam Y'Y, Wang X, Fu H, Xue X, Lu C,
Ma J, et al. Gut bacteria selectively promoted by dietary fibers alleviate
type 2 diabetes. Science 2018;359(6380):1151-6.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Lappi J, Salojarvi J, Kolehmainen M, Mykkanen H, Poutanen K,
de Vos WM, Salonen A. Intake of whole-grain and fiber-rich rye
bread versus refined wheat bread does not differentiate intestinal
microbiota composition in Finnish adults with metabolic syndrome. J
Nutr 2013;143(5):648-55.

Korem T, Zeevi D, Zmora N, Weissbrod O, Bar N, Lotan-Pompan M,
Avnit-Sagi T, Kosower N, Malka G, Rein M, et al. Bread affects clinical
parameters and induces gut microbiome-associated personal glycemic
responses. Cell Metab 2017;25(6):1243-53.¢5.

Hidalgo-Cantabrana C, Delgado S, Ruiz L, Ruas-Madiedo P, Sanchez
B, Margolles A. Bifidobacteria and their health-promoting effects.
Microbiology Spectrum 2017;5(3):BAD-0010-2016.

Gibson GR, Roberfroid MB. Dietary modulation of the human
colonic microbiota: introducing the concept of prebiotics. J Nutr
1995;125(6):1401-12.

Ibriigger S, Vigsnes LK, Blennow A, Skufli¢ D, Raben A, Lauritzen
L, Kristensen M. Second meal effect on appetite and fermentation of
wholegrain rye foods. Appetite 2014;80:248-56.

Riviere A, Selak M, Lantin D, Leroy F, De Vuyst L. Bifidobacteria and
butyrate-producing colon bacteria: importance and strategies for their
stimulation in the human gut. Front Microbiol 2016;7:979.

Kjglbzk L, Benitez-Pdez A, Gémez del Pulgar EM, Brahe LK, Liebisch
G, Matysik S, Rampelli S, Vermeiren J, Brigidi P, Larsen LH, et al.
Arabinoxylan oligosaccharides and polyunsaturated fatty acid effects
on gut microbiota and metabolic markers in overweight individuals with
signs of metabolic syndrome: a randomized cross-over trial. Clin Nutr
2020;39(1):67-79.

Kovatcheva-Datchary P, Nilsson A, Akrami R, Lee Ying S, De
Vadder F, Arora T, Hallen A, Martens E, Bjorck I, Bidckhed F.
Dietary fiber-induced improvement in glucose metabolism is associated
with increased abundance of Prevotella. Cell Metab 2015;22(6):
971-82.

Roager HM, Licht TR, Poulsen SK, Larsen TM, Bahl MI. Microbial
enterotypes, inferred by the Prevotella-to-Bacteroides ratio, remained
stable during a 6-month randomized controlled diet intervention with
the new Nordic diet. Appl Environ Microbiol 2014;80(3):1142-9.
Hjorth MF, Bladel T, Bendtsen LQ, Lorenzen JK, Holm JB, Kiilerich
P, Roager HM, Kiristiansen K, Larsen LH, Astrup A. Prevotella-to-
Bacteroides ratio predicts body weight and fat loss success on 24-week
diets varying in macronutrient composition and dietary fiber: results
from a post-hoc analysis. Int J Obes (Lond) 2019;43(1):149-57.
Hjorth MF, Roager HM, Larsen TM, Poulsen SK, Licht TR, Bahl MI,
Zohar Y, Astrup A. Pre-treatment microbial Prevotella-to-Bacteroides
ratio, determines body fat loss success during a 6-month randomized
controlled diet intervention. Int J Obes (Lond) 2018;42(3):580-3.
Christensen L, Vuholm S, Roager HM, Nielsen DS, Krych L, Kristensen
M, Astrup A, Hjorth MF. Prevotella abundance predicts weight loss
success in healthy, overweight adults consuming a whole-grain diet ad
libitum: a post hoc analysis of a 6-wk randomized controlled trial. J Nutr
2019;149(12):2174-81.

Chen T, Long W, Zhang C, Liu S, Zhao L, Hamaker BR. Fiber-
utilizing capacity varies in Prevotella- versus Bacteroides-dominated
gut microbiota. Sci Rep 2017;7(1):2594.

Andersson R, Fransson G, Tietjen M, Aman P. Content and molecular-
weight distribution of dietary fiber components in whole-grain rye flour
and bread. J Agric Food Chem 2009;57(5):2004-8.

Andersson AAM, Andersson R, Piironen V, Lampi A-M, Nystrom L,
Boros D, Fras A, Gebruers K, Courtin CM, Delcour JA, et al. Contents
of dietary fibre components and their relation to associated bioactive
components in whole grain wheat samples from the HEALTHGRAIN
diversity screen. Food Chem 2013;136(3):1243-8.

Berggren AM, Nyman EMGL, Lundquist I, Bjorck IME. Influence of
orally and rectally administered propionate on cholesterol and glucose
metabolism in obese rats. Br J Nutr 1998;76(2):287-94.



