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s u m m a r y

Background and aims: Wholegrain rye foods have shown promising effects on metabolic regulation and 
weight-loss, which may be mediated via gut microbiota and derived metabolites. This study aimed to 
investigate effects of hypocaloric diets with wholegrain rye versus commonly consumed refined wheat 
on body weight, fat mass, metabolic risk markers and gut microbiota. The study also explored de
terminants of diet-induced weight loss..
Methods: Participants with overweight or obesity were randomized (1:1) to 12-week hypocaloric diets, 
substituting habitual cereals with wholegrain rye or refined wheat foods. Body weight and composition 
were measured and fecal- and blood samples were collected at baseline, after 6 weeks and 12 weeks.
Results: Of 255 participants, 229 completed the study. Weight loss was 3.2 kg in the rye-group and 
2.9 kg in the wheat-group, with no significant difference between groups (p = 0.32). Plasma acetate and 
butyrate were higher after 12 weeks in the rye-group versus wheat-group (p = 0.003) and microbial 
taxa, previously associated with negative health outcomes were reduced in the rye-group. Reductions in 
CRP by 17 % (p = 0.03) were observed in the rye-group, while both CRP (r = 0.17, p = 0.001) and HOMA- 
IR (r = 0.13, p = 0.02) at baseline were associated with fat mass change in the wheat-group. Additionally, 
acetate at baseline was inversely associated with body weight change across groups (r = − 0.25, 
p < 0.001). Baseline gut microbiota was not associated with weight loss after 12 weeks.
Conclusions: Wholegrain rye versus refined wheat foods as part of a hypocaloric diet did not result in 
larger weight loss. However, wholegrain rye reduced CRP and induced changes in gut microbiota and 
short-chain fatty acids which may have positive implications for cardiometabolic health. Notably, 
baseline HOMA-IR and CRP correlated with weight and fat mass reductions, suggesting that individuals 
with elevated inflammation  and insulin resistance may benefit  more from wholegrain rye foods. Gut 
microbiota at baseline was not associated with intervention-induced weight loss.
Trial Registration: ClinicalTrials.gov ID: NCT04203758. https://classic.clinicaltrials.gov/ct2/show/ 
NCT04203758?term=Rye&amp;cond=Overweight+and+Obesity&amp;cntry=SE&amp; 
city=Gothenburg&amp;draw=2&amp;rank=3.
© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/).

Abbreviations: HOMA-IR, homeostatic model assessment for insulin resistance; SCFA, short chain fatty acids; LDL, low density lipoprotein; HDL, high density lipo
protein; BP, blood pressure; CRP, C-reactive protein; DXA, dual energy x-ray absorptiometry; PAL, physical activity level; 3DWFR, 3-day weighed food record; VAS, visual 
analogue scales; AR, alkylresorcinols; NMR, nuclear magnetic resonance; GlycA, glycoprotein N-acetylation A; GlycB, glycoprotein N-acetylation B; SPC, supramolecular 
phospholipid composite peak; ITT, intention-to-treat; LOCF, last observation carried forward; tAUC, total area under the curve.
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1. Introduction

Globally, an estimated 2.5 billion adults were overweight in 
2022, of whom 890 million were obese—conditions approximately 
accounting for 10 % of global deaths annually [1,2]. About 40 % of 
deaths due to high BMI are attributed to BMI <30, highlighting the 
severity of moderate overweight [3]. Lifestyle strategies to treat 
and prevent overweight and obesity are critically needed.

Diet is a major determinant of body weight changes and is 
important for the prevention, management, and treatment of 
overweight and obesity [4,5]. High whole grain intake has consis
tently been associated with lower BMI, body fat mass, and reduced 
incidence of obesity and related conditions such as type 2 diabetes, 
heart disease, and colorectal cancer [6,7]. These benefits  are 
thought to be driven by improvements in glycemic control, blood 
lipid profiles,  and reduced inflammation  [8–10]. Effects on body 
weight and body fat mass have been inconclusive in intervention 
studies, partly because studies have not been primarily designed to 
study weight loss [11]. Moreover, studies have shown considerable 
heterogeneity, with intervention foods from different grains 
resulting in different effects on body weight and body composition 
[7]. Wholegrain rye has the highest content of dietary fiber among 
all cereals [12], and has shown beneficial  effects on subjective 
appetite control when compared with refined grains [13]. Effects of 
wholegrain rye foods on appetite control and subsequent weight 
loss may be mediated by alterations in gut microbiota, particularly 
through increased production of short-chain fatty acids (SCFAs), 
which are known to act as signaling molecules in the gut–brain axis 
and may impact appetite regulation [14–16].

Some studies, but not all, have shown alterations of the gut 
microbiota induced by wholegrain interventions [17–21]. We 
recently found alterations of the gut microbiota parallelled by 
weight and body fat loss following a diet rich in wholegrain rye 
compared with refined wheat in a 12-week hypocaloric inter
vention, the RyeWeight1 study [22]. On average, participants in 
the rye-group lost 1.1 kg more bodyweight, but there was 
considerable inter-individual variation in weight loss, consistent 
with findings from other weight loss studies [23–25]. Factors such 
as age, sex, adherence to intervention diets, metabolic efficiency, 
thermogenic response to foods, and gut peptides have been sug
gested as determinants of individual differences in energy balance 
and weight loss [23]. Recent studies have shown that the gut 
microbiota predicted metabolic and/or weight loss response of 
high fiber diets, specifically related to the genus Prevotella [26–29]. 
Also, metabolic status, specifically fasting blood sugar and insulin 
have been associated with weight loss following high vs low gly
cemic load/whole grain rich diets [30]. However, this relationship 
has not yet been examined in large studies designed to evaluate 
weight loss in relation to wholegrain rye foods.

The primary aim of the current RyeWeight2 study was to 
replicate findings in the RyeWeight1 study, showing greater body 
weight and fat mass reduction following a 12-week hypocaloric 
diet with wholegrain rye foods versus refined  wheat foods. The 
secondary aim was to evaluate the effects on metabolic risk 
markers, appetite, gut microbiota, and SCFAs, and explore their 
potential role as determinants of weight loss.

2. Methods

2.1. Study design, participants, and intervention diets

The RyeWeight2 study was conducted as a 12-week hypo
caloric parallel randomized controlled trial in free-living 

participants between January 2020 and June 2021 in Gothenburg, 
Sweden. The study design, protocol, and inclusion and exclusion 
criteria were identical to those of the previously published Rye
Weight1 study [22]. However, the RyeWeight2 study was con
ducted in a different geographic population, with the purpose of 
replicating findings in the RyeWeight1 study to support a potential 
EFSA health claim (article 13.5) on rye fiber  and weight-loss. 
Additionally, we investigated the effects of the interventions on 
gut microbiota composition and assessed whether baseline 
microbiota profiles  or metabolic risk markers were associated 
with changes in weight and body composition [22].

Briefly, participants were recruited through advertisements in 
newspapers (online and in print), on social media through www. 
accindi.se, and posters in public areas in Gothenburg. Men and 
women aged 30–70 years, with a BMI of 27–35 kg/m2, were 
eligible to participate in the study and invited to the research clinic 
for screening. At the clinic, medical history and lifestyle were 
examined and fasting blood samples were drawn. Blood samples 
collected during the screening process were delivered to the 
clinical chemistry laboratory at Sahlgrenska University hospital 
and analyzed for blood markers with the following inclusion 
criteria: hemoglobin ≥120 g/L, serum thyroid stimulating hor
mone ≤4.00 mIU/L, plasma low density lipoprotein (LDL) choles
terol <5.3 mmol/L and plasma triglycerides ≤1.8 mmol/L. 
Exclusion criteria included chronic gastrointestinal conditions, 
thyroid disorder, medication for type II diabetes or body weight 
management. A full list of inclusion and exclusion criteria can be 
found in Supplementary Text 1. After a 2-week run-in period 
following a hypocaloric refined wheat-based diet, participants 
were required to lose ≥0.5 kg of body weight (menstruating 
women not gaining weight). Those who met the criterion under
went baseline clinical examination and were then randomized 1:1 
to either rye–or wheat-based diets for 12 weeks (Fig. 1). The 
randomization list was generated using R version 4.1.3, package 
blockrand version 1.3 and allocations were concealed in sealed 
envelopes. As enrollment was carried out continuously, mixed 
block randomization was employed. All research staff involved in 
measurements, including study nurses and dual energy x-ray ab
sorptiometry (DXA) operators, were blinded. Bliding of partici
pants was not feasible due to the visual differences between the 
intervention products.

During all study weeks, participants were advised to adhere to 
a hypocaloric diet with habitual cereals substituted with either 
wholegrain rye or refined  wheat products. All cereals products 
were provided, and participants consumed a fixed amount of 
either wholegrain rye cereals (705 kcal) or refined wheat cereals 
(685 kcal) which corresponded to approximately 30–50 % of the 
participants’ daily energy intake. The rye products provided 
approximately 30 g dietary fiber/day, whereas the wheat products 
provided 8 g fiber/day. Detailed nutritional data for the cereal 
products is provided in Supplementary Table 1. Each participant 
met with a dietician to assess their habitual diet based on a 3-day 
weighed food record (3DWFR) and calculate their energy re
quirements based on NNR 2012 equations, assuming a physical 
activity level (PAL) of 1.4 [31]. The dietician suggested dietary 
changes to achieve a 500 kcal/day energy deficit  based on the 
habitual dietary pattern and instructed participants to completely 
exclude cereals other than the provided intervention products. 
Participants were instructed to fill  in a pre-coded compliance 
journal where they ticked off the fixed amount of intervention 
products daily and recorded any deviations from the intervention 
diet, adjustments in medication, or instances of illness. Partici
pants were considered compliant if they consumed at least 80 % of 
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the prescribed intervention foods (by weight) over the 12-week 
intervention period.

The study was conducted by researchers from Chalmers Uni
versity of Technology at a research clinic located at Department of 
Food and Nutrition and Sport Science, at University of Gothenburg 
in Gothenburg, Sweden. All participants gave written informed 
consent, after having received oral and written information about 
the study, prior to initiating the screening procedure. The study 
was approved by the Swedish Ethical Review Authority (applica
tion number: 2019–05307, approved 2020.01.10) and registered at 
www.clinicaltrials.gov (Identifier:  NCT04203758, registration 
date: 2019.12.18). The study was conducted in accordance with the 
Declaration of Helsinki and reported in accordance with Consoli
dated Standards of Reporting Trials (CONSORT) [32].

2.2. Examination visits

Participants attended morning examination visits at weeks 0, 6, 
and 12, being fasted from the prior evening 10:00 PM, and they 
provided a fecal sample collected as close to the visit as possible. 
Anthropometric measurements and blood pressure were taken, 
followed by venous blood sample collection. Questionnaires were 
completed, and intervention products, compliance journals and 
materials provided. Full body DXA scans (Lunar iDXA, enCORE 
version 16, SP 1, GE Healthcare, Illinois, USA) were conducted on 
the same day, or at a nearby occasion. Additional visits to the 
research clinic occurred in weeks 2, 4, 8, and 10 for provision of 
intervention products, fecal collection kits, 3DWFR and compli
ance journals. To comply with COVID-19 safety measures, certain 
study visits that did not involve clinical examinations were con
ducted outdoors.

2.3. Anthropometric measurements

Body weight was measured to the nearest 0.1 kg with partici
pants wearing light clothing (underwear and t-shirt) on a Tanita 
BC-545N scale (Tanita Corporation, Japan). Waist and hip 
circumference were measured to the nearest 0.5 cm. Participants 
were instructed to let arms hang down their sides and take a deep 
breath and waist was measured at the point of the navel and hip 
circumference was measured at the widest point of the hip. 
Measurements were done twice upon exhalation, and the average 
was calculated. Sagittal height was measured to the nearest 0.5 cm 
using a sagittal height measuring pin (BK-m€atare, AJ Medical, 
Liding€o, Sweden) with participants lying on their back with legs 
bent. Participants were instructed to take a deep breath, and 
measurements were taken twice at the point of the navel upon 
exhalation. The average of the two measurements was calculated. 
Height measurements were conducted during screening, using a 
wall-mounted stadiometer (Hyssna Measuring Equipment AB, 
Hyssna, Sweden) and rounded to the nearest 0.5 cm.

2.4. Food records

Dietary intake was reported through 3DWFR at three occa
sions: baseline, 6-week and 12-week follow-up. Participants were 
provided with food scales and instructed to record everything they 
consumed during two weekdays and one day during the weekend 
using scales and household measures (e.g. deciliter and table
spoon) when weighing food was not possible. Daily energy and 
macronutrient intake were calculated using the software Die
tistNetPro (www.kostdata.se, Kost och N€aringsdata AB, Bromma, 
Sweden) which contains a brand specific databased developed for 
use in Sweden and linked to the food composition database pro
vided by the National Food Agency in Sweden. Approximations to 
standard portion sizes according to software were used when 
quantities of food items were missing. Additionally, foods items 
were categorized by food groups and the daily intake of each food 
group calculated based on the method used in Riksmaten, a na
tional dietary intake survey conducted by the Swedish Food 
Agency [33].

2.5. Appetite assessment

Subjective appetite was assessed using 100 mm visual analogue 
scales (VAS) at three occasions: baseline, 6-week and 12-week 
follow-up. Participants were provided with all meals for these 
appetite assessment days and followed standardized meal plans 
strictly in a free-living setting. Meal plans were hypocaloric with a 
500-kcal deficit based on estimated energy calculations and a set 
amount of rye or wheat foods according to allocation 
(Supplementary Table 1B). The full-day meal plan included a 
breakfast consisting of cereal puffs with milk, a lunch with tomato 
soup, crisp bread and cheese/jam, an afternoon snack consisting of 
crisp bread with cheese/jam and a goulash soup with soft bread 
and jam/cheese for dinner. Participants continuously answered 
questions about their perceived appetite every 30 min from 8:00 
to 12:00 and every 60 min from 13:00 to 21:00. The following 
three questions were given in random order to evaluate appetite at 
each timepoint: “How hungry are you?”, “How full are you?”, 
“How big is your desire to eat?”. Participants received an auto
mated email through the online software Qualtrics (QualtricsXM, 
Seattle, Washington, USA). Participants followed a hyperlink to 
Qualtrics.com where the appetite questions were answered. All 
questions were also provided on paper, giving participants an 
analogue option and functioning as a back-up if the digital survey 
failed.

2.6. Questionnaires

Participants completed questionnaires on physical activity and 
gastrointestinal symptoms at baseline, week 6 and 12-week 
follow-up. Physical activity was assessed using the questionnaire 

Refined Wheat
2-week run-in

Screening Week -2 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 Week 12

Wholegrain Rye (12 weeks)

Refined Wheat (12 weeks)

Fig. 1. Design of the RyeWeight2 study.
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developed by Baecke et al., with separate scoring for work, sport, 
and leisure time activities [34]. Activity levels for sport activities 
not described by Baecke et al. were evaluated using the Compen
dium of Physical Activities by Ainsworth et al. [35]. Gastrointes
tinal symptoms were assessed using the GSRS-IBS questionnaire, 
and participants' answers were transformed into subscale symp
tom scores as per the method described by Wiklund et al. [36]. 
Eating behavior was assessed at screening, using the 21-item 
Three Factor Eating Questionnaire (TFEQ), which evaluates par
ticipants’ behavior in three domains: cognitive restrained eating, 
uncontrolled eating, and emotional eating [37]. Additionally, par
ticipants completed a demographics questionnaire at screening, 
providing background information such as educational level, 
occupation, and housing.

2.7. Sample handling

Participants were provided with an EasySampler stool collec
tion kit (GP Medical Devices ApS, Holstebro, Denmark), containing 
2 fecal collection tubes (Sarstedt AG & Co., Nümbrecht, Germany) 
and were asked to fill 2–3 spoonful of feces in each tube. Partici
pants were instructed to store the sample in a cooling bag with 
frozen cooling blocks for a maximum duration of 24 h before de
livery to the clinic. Alternatively store the sample in a freezer 
(− 18 ◦C) for up to 72 h before transporting the sample to the clinic 
in a cooling bag with frozen cooling blocks. Fecal samples were 
stored in − 20 ◦C for a maximum of 7 days at the clinic, then 
transferred to − 80 ◦C freezers for long term storage. At clinical 
examinations week 0, 6, and 12, blood samples were collected in 
K2E EDTA-, serum-, sodium heparin- and sodium citrate tubes. 
Serum tubes were kept at room temperature before, during and 
after sampling, whereas other tubes were kept on ice during 
sample handling. EDTA, citrate and heparin tubes were cen
trifugated immediately after sampling at 4 ◦C and 2500 g, for 
10 min and separated into plasma, buffy coat (EDTA only) and 
erythrocytes (EDTA only) in 2 ml screw cap cryotubes (LVL tech
nologies GmbH & Co. KG, Crailsheim, Germany), before being 
placed in − 20 ◦C freezer. Serum tubes were kept at room tem
perature for 60 min prior to centrifugation and thereafter serum 
was transferred into 2 ml screw cap cryotubes and stored 
at − 20 ◦C. All samples were kept in − 20 ◦C for a max duration of 7 
days, where after they were transferred to − 80 ◦C freezer for long 
term storage.

2.8. Sample analysis

All blood samples collected at week 0, week 6 and week 12 
were analyzed at Lycksele clinical chemistry laboratory, Umeå 
University Hospital, for selected clinical risk markers. Glucose, CRP, 
insulin, total cholesterol, HDL cholesterol and triglycerides were 
measured in serum. LDL cholesterol was calculated using Friede
wald's equation [38] and homeostatic model assessment insulin 
resistance (HOMA-IR) was calculated as (insulin (mIU/L) x glucose 
(mmol/L))/22.5 [39]. All metabolic markers were analyzed with 
Cobas® Pro (Roche Diagnostics, Basel, Switzerland) according to 
laboratory accredited methods.

Plasma alkylresorcinols (AR), biomarkers of wholegrain rye and 
wheat intake [40,41], were analyzed as objective measure of 
compliance. AR concentrations were measured in EDTA plasma at 
Chalmers Mass Spectrometry Infrastructure using liquid 
chromatography-tandem mass spectrometry (LC-MS/MS), 
following a method developed at the platform [42]. The inter- and 
intra-batch coefficient  of variance (CV) < 15 %. Total plasma AR 
concentration and a homologues C17:0-C25:0 were used as bio
markers of whole grain intake from rye and wheat sources, while 

the AR C17:0/C21:0 homologue ratio was calculated as marker of 
the proportion whole grain from wheat and rye sources.

Inflammatory  biomarkers glycoprotein N-acetylation (GlycA 
and GlycB) and supramolecular phospholipid composite peak 
(SPC) were analyzed with proton nuclear magnetic resonance 
(NMR) at Swedish Nuclear Magnetic Resonance Centre, Gothen
burg. NMR data were acquired using a Bruker 600 MHz Avance III 
HD spectrometer, with GlycA, GlycB, and SPC data extracted 
through analysis algorithms (Bruker BioSpin) and custom in-house 
MATLAB scripts.

2.8.1. Fecal sample preparation for metagenome analysis
DNA was extracted from 451 fecal samples (35 mg each) using 

the NucleoSpin Soil kit (Macherey–Nagel, 740780.250 M) 
following the manufacturer's protocol. The DNA yield was 
measured with the Qubit 1X dsDNA Broad Range assay kit (Thermo 
Fisher Scientific, Q33266). For metagenomic shotgun sequencing, 
libraries were prepared using the MGIEasy Fast FS DNA Library 
Prep Set (MGI Tech Co., Ltd., 940-000030-00, Werheim, Germany) 
with a DNA input of 400 ng per sample. The library preparation 
process included DNA shearing for 12.5 min, followed by end 
repair, A-tailing, and a magnetic bead-based cleanup. Next, 
adapter ligation and cleanup were performed, followed by PCR 
amplification and magnetic bead-based size selection of the final 
library product. The quality of the libraries was assessed using the 
Qubit 1X dsDNA HS Assay Kit (Thermo Fisher Scientific, Q33231) 
and the Agilent High Sensitivity D1000 Assay Kit (Agilent Tech
nologies, 5067–5584 and 5067–5585, St Clara, CA, USA). The 
pooled libraries were then circularized, barcoded, and used as 
templates for DNA nanoball preparation. The resulting nanoballs 
were analyzed on the DNBSEQ-T7 platform (MGI Tech Co., Ltd.) 
using the DNBSEQ-T7RS High-throughput Sequencing Set (FCL 
PE150), according to the manufacturer's guidelines.

2.8.2. Processing of metagenome data
Raw metagenomic reads were subjected to quality control to 

remove low-quality sequences, adapters, and contaminants using 
Fastp [43] (version 0.23.2, default parameters). The high-quality 
reads were then filtered to remove human reads (GRCh38_noal
t_as) using Bowtie2 [44] (version 2.5.3). The quality-filtered reads 
were aligned to the taxonomy database using the MetaPhlAn 
(version 4.0.6, default parameters) [45] to obtain the relative 
abundance profiles.

2.9. Plasma SCFA analyses

A panel of nine SCFAs and gut fermentation products (formic 
acid, acetic acid, propionic acid, butyric acid, isobutyric acid, suc
cinic acid, valeric acid, isovaleric acid, and caprionic acid) were 
measured in heparin plasma at Chalmers University of Technology 
according to a method described by Fristedt et al. [46]. The within- 
and between batch CV% were <15 and < 20 % for determinations of 
most compounds in three QC samples representing low, medium 
and high concentrations.

2.10. Statistical analysis

The sample size estimation was calculated with an alpha of 
0.025 and power of 0.80 to detect an effect of 1 kg difference in 
body weight and 1 kg difference in body fat mass after 12 weeks 
(two primary endpoints). In total, 106 participants in each treat
ment group were required to complete the intervention. Based on 
experience from previous studies we aimed to randomize 130 
participants in each treatment group, allowing for a drop-out rate 
of 18 % (Fig. 2). All data were analyzed according to complete case 
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analysis and additional intention to treat (ITT) analysis performed 
for primary outcomes body weight and fat mass change. Complete 
cases were defined as compliant to the study diet (reported con
sumption of >80 % of interventions foods during the 12 weeks 
intervention) and completion of the final examination at week 12. 
Intervention effects at 6 and 12 weeks were evaluated using linear 
mixed-effects models, with Week included as a covariate, a 
Diet × Week interaction term, and participant ID specified  as a 
random effect. Additional covariates were included depending on 
the outcome variable, as described in the respective analyses. 
Results are presented as estimated marginal means ± standard 
error of the mean (SEM). All model residuals were assessed for 
normality and skewed data were log-transformed to meet model 
assumptions.

Dietary intake from 3DWFR, physical activity levels, and pri
mary outcomes (body weight and fat mass) were analyzed using 
mixed models, adjusted for baseline values and including 
diet × week interaction terms. Body weight and fat mass change 
were considered in two ITT analysis where all randomized par
ticipants were included. In one model, missing data were imputed 
prior to analysis using last observation carried forward (LOCF), and 
the other model without imputation. For primary outcomes 
p < 0.025 was considered significant  and all estimates were 
adjusted for multiple testing using Bonferroni correction. 
Anthropometric measures (e.g. waist and hip circumference, lean 
body mass) and metabolic markers were evaluated using baseline- 

adjusted linear mixed models, with statistical significance 
assessed at p < 0.05 after Bonferroni correction. Models evaluating 
metabolic markers were additionally adjusted for body weight 
change. Data for metabolic markers were evaluated for normality 
using residual plots and histograms. Skewed data were log- 
transformed prior to analysis and estimates were back trans
formed before being reported. All other outcome measures were 
considered statistically significant at p < 0.05, unless otherwise is 
specified.

Exploratory analysis of baseline metabolic markers and diet- 
specific  responses was evaluated using Spearman's correlations 
and confirmed by Fisher's r-to-z transformation. Furthermore, ef
fect modification  was tested using linear regression models 
including diet × baseline marker interaction terms, with metabolic 
status also assessed categorically based on clinical thresholds (e.g., 
HOMA-IR < or >2.0). Exploratory regression results were evalu
ated using Bonferroni correction (p < 0.05).

Total area under the curve (tAUC) was calculated for subjective 
appetite measures, using approximate integrals according to the 
trapezoidal rule [47]. Interventions effects were evaluated for 
postprandial periods (08:00–12:00, 12:00–19:00 and 19:00–21:00) 
following breakfast, lunch dinner and the whole day. Mean 
appetite scores were evaluated using a baseline-adjusted mixed 
model, whereas an unadjusted model was applied to assess the 
differences in appetite tAUC between interventions. Gastrointes
tinal symptoms were evaluated using Mann–Whitney U-test.

Assessed for eligibility: 584

Started run-in: 379

Eligible for randomization: 255

Randomized to
rye: 126

Randomized to
wheat: 129

Completed
week 6: 114*

Completed
week 6: 118

Completed
week 12: 113

Completed
week 12: 116

Drop-outs: 12
Diet: 7
Illness: 1
Logistics: 2
COVID-19: 0
Private/unknown: 2

Drop-outs: 1
Diet: 0
Illness: 0
Logistics: 0
COVID-19: 1
Private/unknown: 0

Drop-outs: 11
Diet: 5
Illness: 2
Logistics: 2
COVID-19: 1
Private/unknown: 1

Drop-outs: 2
Diet: 1
Illness: 0
Logistics: 0
COVID-19: 0
Private/unknown: 1

Excluded due to insufficient
weight loss: 100
Withdraw during run-in: 24

Fig. 2. Flowsheet of participants. * Including 3 participants who missed their week 6 examination but completed the study and attended week 12 (defined as complete cases).

S. Åberg, E. Nordin, K.N. Iversen et al. Clinical Nutrition 60 (2026) 106618

5



Intervention effects on SCFA concentrations and contrasts be
tween intervention groups were evaluated in a baseline adjusted 
mixed model. Values exceeding ±3 SD of the mean were excluded 
from analysis and values below limit of detection set to 0.

2.10.1. Microbiota
Principal coordinate analysis (PCoA) (Bray–Curtis dissimilarity 

matrix) was used to visualize clustering of microbiota composi
tion. Although compositional approaches such as centered log- 
ratio (CLR) transformations and Aitchison distance are increas
ingly recommended for microbiome analyses, we applied alter
native transformations and beta-diversity metrics commonly used 
in comparable studies, noting that our findings remain consistent 
with previous work using similar or alternative approaches. 
Richness and Shannon's diversity index was used for alpha di
versity measures. For supervised analysis, microbiota composition 
was filtered with a 50 % prevalence cut-off at baseline or at least in 
one of the interventions, reducing the number of species from 
2261 to 221. To handle zero values, a pseudo-count equal to 10− 3 

times the lowest value in the dataset was added. To explore the 
potential impact of the interventions on microbiota at species 
level, machine learning modeling was conducted using a random 
forest algorithm with unbiased variable selection. This was 
implemented through repeated double cross-validation using the 
R package MUVR [48]. The parameter settings for all MUVR models 
were as follows: nOuter = 8, nRep = 40, and varRatio = 0.85. 
Intervention was used as a binary variable and species at 12 weeks 
as the predictor variable. The robustness of the models was 
assessed through permutation tests (n = 100) to ensure the results 
were not overfitted. The parameters for these permutation tests 
matched those used in the multilevel models. The variables with 
the greatest predictive power were identified  through an auto
matic optimal variable selection process within the MUVR 
modeling.

Moreover, to compare the effect on the previously reported 
fecal microbiota in RyeWeight1 [49] with that of the present 
RyeWeight2 study, the effect on bacteria taxa that differed 
significantly  between rye and wheat in the RyeWeight 1 study 
(Agathobacter, Oscillospiraceae UCG-003, Haemophilus, [Rumino
coccus] torques group, [Eubacterium] ventriosum group, Anaero
truncus Anaerofilum, and Holdemania) were evaluated in 
RyeWeight2, to investigate if the effects were replicated. For each 
genus, the species level was included to investigate which species 
were driving the effect on the genera level. All microbial genera 
and species selected from Random Forest modelling and included 
from the RyeWeight1-study were analyzed with linear modelling 
with microbial genera and species as dependent variable and 
intervention and baseline value of the microbial genera and spe
cies as independent variable. All variables were log-transformed, 
and the estimates were subsequently back-transformed to their 
original scale.

The MUVR algorithm was similarly used to investigate if the 
baseline microbiota (genus, species, strain level) was associated 
with weight loss response after intervention in the study. The 
target variable was the weight loss between week 12 and baseline, 
and the predictor variable was microbial taxa at baseline. Models 
were separately run for rye, wheat and a combination. The ratio
nale behind combining the rye and wheat intervention was to 
exploratory test if the gut microbiota could predict weight loss in 
relation to cereal intake, independent of cereal type. The same 
modelling was performed but with log fold change of microbial 
features with features at 12 weeks in the nominator. In addition to 
modelling weight loss in kg, the same modelling was applied for 
change in weight loss in percent, fat mass (kg) and fat mass 
percent between baseline and 12 weeks of intervention.

In addition, univariate analysis with linear modelling was 
conducted with weigh loss as dependent variable and species at 
baseline (modelled as value at baseline and as log fold change of 
species with 12-weeks in nominator and 0 weeks in denominator) 
as predictor variable. Body weight loss was modelled as weight 
loss (weight at week 12- weight at baseline) in kilo, percent, fat 
mass loss in kilo and fat mass loss in percent. Models for predicting 
weight loss were performed both separately and combined for the 
rye and wheat-based intervention. For the univariate analyses 
with weight loss as dependent variable and species at baseline, 
false discovery rate–adjusted p-values <0.05 were considered 
statistically significant.

Microbiota at the genus level was clustered into enterotypes 
(classified  based on gut microbiota composition) by using the 
around medoid (PAM) clustering method [50], previously 
described for bacterial enterotype discovery [51]. Samples were 
clustered based on the between-sample Jensen-Shannon distance. 
Calinski-Harabasz index was used to estimate optimal number of 
clusters, and the silhouette validation technique was used to 
assess the robustness of the clusters. The dominant genus for each 
enterotype was identified as the genus with the highest relative 
abundance within that enterotype. The Dirichlet Multinomial 
Mixture (DMM) method [52] was used to verify the results from 
PAM clustering. For both clustering methods, the minimum 
average abundance of genera threshold was set to 0.001 %. Prin
cipal coordinate analysis of the JSD matrix was conducted using 
the ade4 package, and the most prevalent bacteria (top 10) in each 
enterotype were visualized with the ggplot2.

Microbial taxa were divided in strata (average abundance was 
set as cut off–off of low/high strata) of species known to be asso
ciated with butyrate [53] and acetate [54,55] production. Linear 
modelling was applied to investigate if the strata for each micro
bial taxa at baseline were differently associated with weight loss, 
including all data, irrespective of assigned intervention. For the 
linear modelling of the strata's, false discovery rate–adjusted p- 
values <0.05 were considered statistically significant. The selected 
taxa were correlated to butyrate respectively acetate levels at 
baseline in the study. Unless otherwise specified, microbiota an
alyses were reported using unadjusted p-values.

Statistical analyses were performed in programming software R 
version 4.1.3 (packages: lme4 (1.1–35.1), dplyr (1.1.4), tidyverse 
(2.0.0), emmeans (1.10.0), ggeffects (1.5.0), lmetest (09–40), mis
sForest (1.4), caTools (1.18.2), pracma (2.4.4), corrplot (0.92), MUVR 
(version 0.0.9), ggplot (version 3.3.5), vegan (2.5–7), aed4 (version 
1.7–18).

3. Results

3.1. Participants

In total, 584 participants were screened, 379 fulfilled  the in
clusion criteria and started the run-in period. Among these, 255 
achieved the weight loss target and were subsequently random
ized into the 12-week parallel intervention phase (Fig. 2). During 
the 12-week parallel phase, 26 participants (10 %) dropped out 
from the intervention, mostly during the first  half of the inter
vention period. The main reasons for drop-out were related to a 
disliking of the diet, gastrointestinal problems or difficulties 
consuming the diet (Fig. 2). Two participants chose isolation due to 
COVID-19 and reported family members belonging to risk groups 
(n = 2), persistent influenza-like symptoms (n = 3). One of these 
participants was confirmed to be positive for COVID-19, whereas 
the other two were unconfirmed.  Three participants in the rye- 
group missed the clinical examination in week 6 due to symp
toms requiring isolation but followed diet and continued the study 
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as planned and attended the clinical examination in week 12. 
These participants were therefore defined  as complete cases for 
the primary analysis. Baseline characteristics of completed cases 
(n = 229) are shown in Table 1.

3.2. Dietary intake

In complete case analysis both intervention groups reduced 
their energy intake with approx. 200–250 kcal/day, but the 
energy intake did not differ between the groups at any time
point (Table 2). An energy deficit of 250 kcal/day over a period 
of 12 weeks would in theory have resulted in approximately 
3 kg of body weight loss. As expected, the dietary fiber  intake 
differed between the groups at both week 6 and week 12. The 
difference in reported dietary fiber intake at week 12 (19 g/day 
vs 42 g/day) corresponds to the difference in fiber  provided 
from intervention products. Intervention foods differed slightly 
in weight (198 g/day vs 231 g/day) which is reflected  in dif
ferences in reported cereal consumptions from 3DWFR at week 
6 and week 12 (Supplementary Table 2). The protein intake was 
slightly higher in the wheat-group, likely due to a marginally 
higher consumption of dairy products (Table 2). Both inter
vention groups reduced their intake of sweets, snacks, candy 
etc. (Supplementary Table 2), which is in line with strategies 
implemented by the study dietician to achieve daily calorie 
deficiency and weight loss.

3.3. Compliance

Self-reported compliance through journals indicated high 
adherence, with participants in both the rye and wheat-group 
consuming 96–98 % of the provided products (Supplementary 
Table 3). Hence, all participants who completed the intervention 
were deemed compliant. More detailed compliance data showed 

that compliance was consistently high throughout the entire 
intervention period.

Objective measure of compliance, plasma concentrations and 
ratio of specific  ARs, also indicated an overall good compliance 
(Supplementary Table 4). The groups had similar C17:0/C21:0 ratio 
and total AR at baseline, after 2-weeks of run-in period consuming 
refined wheat products. Total AR was 10 times higher and C17:0/ 
C21:0 markedly higher in the rye-group at week 6, while un
changed in the wheat-group compared to baseline. At week 12, 
total AR was slightly lower (− 13 %) in the rye-group and slightly 
higher in the wheat-group (23 %) compared to concentrations at 
week 6, yet remained seven times higher in the rye vs wheat- 
group. The C17:0/C21:0 ratio in the wheat-group was stable 
throughout the 12 weeks, and clearly higher in the rye-group at 
week 6 and week 12, showing a higher intake of whole grain, 
primarily from rye.

3.4. Physical activity and gastrointestinal symptoms

The diet groups did not differ in self-reported sports or work- 
related physical activity at baseline, 6-weeks or 12-week follow- 
up (Supplementary Table 5). The rye-group reported slightly 
higher leisure related physical activity at baseline, but this differ
ence was not significant after adjusting for activity levels reported 
at screening (p > 0.05). There were no differences between groups 
at the 6- or 12-week follow-ups (p > 0.05). There were no differ
ences in reported gastrointestinal symptoms between the rye- and 
wheat-group at screening or baseline (p > 0.05) (Supplementary 
Table 6). At week 6 and week 12, participants in the rye-group 
reported higher levels of symptoms related to bloating 
(p < 0.001), diarrhea (p = 0.005), and satiety (p = 0.008), 
compared to the wheat-group which experienced more con
stipation (p = 0.008). Higher reported bloating and diarrhea may 
be related to sensations of satiety. However, this was not observed 
in the current trial, and It should be noted that severity of 

Table 1 
Baseline characteristics of participants who completed the intervention.

Rye n = 113 Wheat n = 116 All n = 229

Anthropometrics and demographics
Females/males (n) (% males) 72/41 (36 %) 81/35 (30 %) 153/76 (33 %)
Age (years) 56.1 ± 9.6 (58) 54 ± 10.3 (55) 55 ± 10.0 (56)
Body weight (kg) 86.9 ± 10.4 (86.2) 87.1 ± 11.7 (86.5) 87.0 ± 11.1 (86.3)
BMI (kg/m2) 29.7 ± 2.1 (29.4) 29.5 ± 2.4 (29.2) 29.6 ± 2.3 (29.3)
Fat % 39.8 ± 6.4 (41.7) 39 ± 6.9 (39.7) 39.4 ± 6.7 (40.5)
Body fat mass (kg) 34.3 ± 5.6 (34) 33.8 ± 7.1 (33.4) 34 ± 6.4 (33.9)
Lean body mass (kg) 49.7 ± 9.4 (48.3) 50.3 ± 9.6 (47.8) 50 ± 9.5 (48)
Three factor eating questionnaire

Restrained eating 13.7 ± 3 (14) 13.6 ± 2.7 (13) 13.6 ± 2.9 (13)
Emotional eating 13.7 ± 4.4 (14) 13.2 ± 4.2 (12) 13.4 ± 4.3 (13)
Uncontrolled eating 19.7 ± 4.8 (20) 19.8 ± 4.9 (20) 19.8 ± 4.8 (20)

Birth country (n)
Sweden 97 94 191
European Union 4 7 11
Other 11 13 24

Education level (highest completed) (n)
Primary/elementary school 3 2 5
2-year high-school program/vocational training 18 16 34
3–4 year high-school program 22 28 50
University 70 70 140

Income, brutto (gross) (n)
0–149,000 SEK/year 6 15 21
150,000–299,000 SEK/year 20 20 40
300,000–449,000 SEK/year 44 31 75
450,000 SEK/year or more 43 49 92
Unknown 0 1 1

Data are presented as mean ± SD and (median), unless otherwise specified.
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symptoms reported in both groups were relatively mild and would 
not be considered clinically relevant.

3.5. Body weight, fat mass and anthropometrics

Both intervention groups experienced significant reductions 
in body weight and fat mass at the 12-week follow-up 
compared to baseline (p < 0.001) (Fig. 3). The rye-group lost 
on average 3.2 kg body weight and 2.9 kg fat mass while the 
wheat-group lost on average 2.9 kg body weight and 2.8 kg fat 
mass over the 12-week intervention period, but there were no 
significant differences between the groups either at week 6 or 
week 12 (p > 0.05) (Table 3). Results were similar for the 
intention-to-treat (ITT) analyses (Table 3). There were numeric 
reductions in most anthropometric measures (p < 0.001) 
within groups, which were expected as participants lost 
weight, but no differences between groups at either week 6 or 
week 12 were observed (Table 4).

3.6. Clinical markers

Only modest differences in clinical markers were observed 
between the intervention groups except for CRP where concen
trations were 17 % lower in the rye-group compared to the wheat- 
group (p = 0.025) at week 12, after adjustment for baseline levels 
and weight loss induced by the intervention (Table 5B). NMR- 
derived inflammatory  biomarkers GlycA, GlycB, and SPC all 
showed within-group reductions after 12 weeks, with no signif
icant differences between the rye and wheat-group (Table 5A). 
Triglyceride levels increased in the rye-group, being 10 % higher 
(p = 0.003) compared to the wheat-group at week 6, a trend that 
persisted at week 12 but was not statistically significant.  Addi
tionally, HDL concentrations were lower in the rye-versus wheat- 
group after 6 weeks (p = 0.024). This difference was modest, 
likely not clinically relevant, and was attenuated by week 12 
(Table 5B).

Within the wheat-group fasting insulin and HOMA-IR at 
baseline were associated with body weight (r = 0.14, p = 0.01), 

(r = 0.12, p = 0.03) and fat mass (r = 0.16, p = 0.003), (r = 0.13, 
p = 0.02) respectively, at the 12-week follow-up. Furthermore, 
CRP (r = 0.17, p = 0.001) and GlycA (r = 0.13, p = 0.04) at baseline 
were associated with fat mass at week 12, while baseline HDL 
was inversely associated with body weight (r = 0.11, p = 0.04) at 
week 12 (Supplementary Table 7). Interestingly, none of these 
associations were observed within the rye-group, and Fisher r-to- 
z comparisons confirmed that the correlations for baseline insulin 
and HOMA-IR differed significantly  between the wheat and rye 
groups (Supplementary Table 8).

3.7. Subjective appetite

No differences in hunger, fullness, or desire to eat, measured as 
VAS-score tAUC, were found between the groups in week 0, week 6 
or week 12 (Supplementary Fig. 1). For certain timepoints, mean 
VAS-scores differed between groups at different occasions. The 
wheat-group reported lower hunger at 10:30 and lower desire to 
eat at 11:00 at the 6-week assessment, and lower desire to eat at 
8:30 at the 12-week follow-up. The rye-group reported higher 
fullness at 21:00 compared to the wheat-group (Supplementary 

Table 2 
Average daily energy and macronutrient intake based on 3-day weighed food records.

Baseline (screening) Week 6 Week 12 p-valuea

Baseline Week 6 Week 12

Energy (kcal) Rye 2130 ± 792 (2004) 1935 ± 577 (1839) 1919 ± 633 (1842) -/ 
0.4028

0.0657/0.2419 0.4533/0.7672
Wheat 2158 ± 560 (2094) 1843 ± 406 (1823) 1884 ± 472 (1837)

Carbohydrate (g) Rye 219 ± 95 (200) 208 ± 59 (197) 207 ± 67 (197) -/ 
0.4185

0.6564/0.4270 0.1381/0.0907
Wheat 215 ± 68 (204) 205 ± 53 (200) 207 ± 51 (203)

Protein (g) Rye 84 ± 28 (82) 89 ± 35 (82) 88 ± 31 (82) -/ 
0.9398

0.8522/0.8911 0.6256/0.6362
Wheat 86 ± 26 (82) 90 ± 22 (87) 91 ± 22 (88)

Fat (g) Rye 91 ± 40 (82) 71 ± 32 (64) 69 ± 32 (65) -/ 
0.1952

0.2829/0.5646 0.7971/0.8338
Wheat 94 ± 29 (91) 67 ± 23 (64) 69 ± 26 (67)

Fiber (g) Rye 22 ± 9 (21) 43 ± 11 (41) 42 ± 14 (40) -/ 
0.8930

<.0001/<.0001 <.0001/<.0001
Wheat 22 ± 8 (22) 19 ± 5 (18) 19 ± 7 (17)

Alcohol (g) Rye 8 ± 11 (3) 5 ± 8 (0) 6 ± 11 (0) -/ 
0.3387

0.1708/0.1134 0.2014/0.1282
Wheat 10 ± 16 (5) 5 ± 9 (0) 5 ± 10 (0)

E% carbohydrate Rye 41 ± 8 (41) 43 ± 6 (43) 44 ± 6 (44) -/ 
0.2608

0.0670/0.0938 0.1272/0.2283
Wheat 40 ± 7 (40) 45 ± 6 (46) 45 ± 6 (45)

E% protein Rye 16 ± 4 (16) 18 ± 3 (18) 18 ± 4 (18) -/ 
0.9847

0.0063/0.0093 0.0024/0.0043
Wheat 16 ± 3 (16) 20 ± 3 (19) 20 ± 3 (19)

E% fat Rye 38 ± 8 (38) 32 ± 7 (32) 32 ± 7 (32) -/ 
0.2549

0.9081/0.8159 0.6599/0.5049
Wheat 39 ± 7 (39) 32 ± 7 (32) 32 ± 7 (33)

E% fiber Rye 2 ± 1 (2) 5 ± 1 (5) 5 ± 1 (4) -/ 
0.3211

<.0001/<.0001 <.0001/<.0001
Wheat 2 ± 1 (2) 2 ± 1 (2) 2 ± 1 (2)

E% alcohol Rye 2 ± 3 (1) 2 ± 3 (0) 2 ± 4 (0) -/ 
0.5615

0.1658/0.2165 0.3480/0.2774
Wheat 3 ± 5 (1) 2 ± 3 (0) 2 ± 3 (0)

Macronutrient intake among complete cases (n: rye = 113, wheat = 116) at baseline, week 6 and week 12.
a Intervention groups compared in model with/without baseline adjustment.

Fig. 3. Body weight changes in the rye- and wheat-group for the 12-week interven-
tion. Data are presented as baseline-adjusted model estimates ± SEM; estimates were 
adjusted for multiple testing using the Bonferroni correction.
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Fig. 2). Surprisingly, subjective appetite measured as tAUC, showed 
no association with changes in body weight or fat mass in the 
overall cohort, nor in the wheat- and rye-group separately 
(Supplementary Table 9).

3.8. Gut microbiota and SCFA

3.8.1. Gut microbiota
The sequencing generated a median of 38 130 884 [SD 13 718 

639 (IQR 19 853 479)] sequences per sample. Two samples were 
discarded due to technical errors. Bacterial richness and Shannon's 
diversity index were marginally reduced in the wholegrain rye 

versus refined  wheat-based intervention mean [Confidence  in
terval (CI)] [3.91 (3.83,3.99), 4.04 (3.96,4.12), p < 0.02], [292.75 
(278.1,307.4), 319.15 (304.69,333.6), p < 0.02]. Unsupervised PCoA 
did not show any separation between the rye and wheat-group 
(Supplementary Fig. 3). Systematic differences in microbial spe
cies between the rye and wheat-group were found by Random 
Forest modelling (classification  rate (CR) = 0.8, ppermuta

tion<0.0001). Moreover, some genera and species that differed 
between the rye and wheat-group in the previously reported 
RyeWeight1-study [49] also differed in RyeWeight2 (Fig. 4). 
Among rye and wheat discriminating species, Bifidobacter
ium_adolescentis,Clostridium_sp_AF34_10BH, 

Table 3 
Body weight and fat mass change.

Week 0a Week 6a Week 12a Δbetween groups week 6b Δbetween groups week 12b p week 6b p week 12b

Complete cases,c (n: rye = 113, wheat = 116)
Body weight (kg) Wheat 87.09 ± 1.03 85.29 ± 1.02 84.21 ± 1.01 0.09 (− 0.29;0.47) 0.31 (− 0.3;0.92) 0.637 0.319

Rye 86.85 ± 1.04 84.96 ± 1.04 83.66 ± 1.03
Fat mass (kg) Wheat 33.81 ± 0.60 32.06 ± 0.60 30.98 ± 0.61 − 0.004 (− 0.308;0.3) 0.068 (− 0.457;0.593) 0.978 0.799

Rye 34.28 ± 0.60 32.54 ± 0.61 31.38 ± 0.62
ITT, d (n: rye = 126, wheat = 129)
Body weight (kg) Wheat 86.45 ± 0.99 84.67 ± 0.98 83.61 ± 0.97 0.13 (− 0.25;0.51) 0.37 (− 0.25;0.98) 0.495 0.240

Rye 87.50 ± 1.00 85.57 ± 0.99 84.25 ± 0.99
Fat mass (kg) Wheat 33.94 ± 0.56 32.2 ± 0.57 31.13 ± 0.58 0.019 (− 0.283;0.321) 0.104 (− 0.418;0.626) 0.902 0.696

Rye 34.55 ± 0.57 32.79 ± 0.58 31.62 ± 0.59
ITT, LOCF,e (n: rye = 126, wheat = 129)
Body weight (kg) Wheat 86.45 ± 0.99 84.82 ± 0.98 83.84 ± 0.98 0.05 (− 0.32;0.42) 0.25 (− 0.34;0.85) 0.796 0.400

Rye 87.50 ± 1.00 85.80 ± 0.99 84.60 ± 0.99
Fat mass (kg) Wheat 33.94 ± 0.56 32.35 ± 0.58 31.39 ± 0.59 − 0.035 (− 0.338;0.268) 0.066 (− 0.45;0.582) 0.822 0.801

Rye 34.55 ± 0.57 33 ± 0.58 31.92 ± 0.59

Abbreviations: ITT, intention-to-treat; LOCF, last observation carried forward. Data are presented as complete case analysis: estimated marginal means ± SEM, ‘mean 
(95%confidence interval)’. Due to two primary endpoints, significance level is p > 0.025, significant p-values are marked in bold font.

a Model estimated, not adjusted for baseline.
b Derived from baseline adjusted model, model estimates and p-values were adjusted for multiple testing using Bonferroni correction. Rye-group is reference for con

fidence intervals.
c Primary analysis (complete case).
d ITT analysis, without imputation.
e ITT analysis with imputation.

Table 4 
Anthropometric measures.

Week 0a Week 6a Week 12a Δbetween groups week 6b Δbetween groups week 12b p week 6b p week 12b

BMI (kg/m2) Wheat 29.5 ± 0.21 28.9 ± 0.21 28.56 ± 0.22 0.03 (− 0.1;0.16) 0.1 (− 0.11;0.31) 0.656 0.344
Rye 29.7 ± 0.21 29.01 ± 0.21 28.6 ± 0.22

Waist (cm) Wheat 105.0 ± 0.72 103.45 ± 0.72 102.5 ± 0.74 0.03 (− 0.92;0.98) 0.24 (− 0.78;1.26) 0.945 0.641
Rye 106.9 ± 0.73 105.1 ± 0.73 103.9 ± 0.75

Hip (cm) Wheat 110.6 ± 0.58 109.4 ± 0.59 108.3 ± 0.56 0.03 (− 0.62;0.68) 0.28 (− 0.34;0.89) 0.929 0.376
Rye 109.9 ± 0.59 108.8 ± 0.60 107.4 ± 0.57

Sagittal height (cm) Wheat 23.34 ± 0.21 22.6 ± 0.22 22.0 ± 0.22 0.00 (− 0.34;0.35) 0.12 (− 0.26;0.50) 0.978 0.526
Rye 23.8 ± 0.21 22.9 ± 0.22 22.2 ± 0.22

Waist/hip ratio (cm/cm) Wheat 0.95 ± 0.01 0.95 ± 0.01 0.95 ± 0.01 0.00 (− 0.01;0.01) 0.00 (− 0.01;0.01) 0.850 0.687
Rye 0.97 ± 0.01 0.97 ± 0.01 0.97 ± 0.01

Android fat (g) Wheat 3284 ± 81 3058 ± 80 2903 ± 79 19 (− 33;71) 5 (− 73;83) 0.462 0.896
Rye 3490 ± 82 3238 ± 81 3087 ± 80

Gynoid fat (g) Wheat 5516 ± 124 5204 ± 120 5044 ± 120 − 21 (− 79;36) − 18 (− 106;70) 0.466 0.685
Rye 5304 ± 125 5022 ± 122 4863 ± 121

Lean mass (kg) Wheat 50.32 ± 0.88 50.3 ± 0.89 50.27 ± 0.88 0.06 (− 0.16;0.28) 0.24 (0;0.49) 0.589 0.150
Rye 49.68 ± 0.89 49.59 ± 0.9 49.38 ± 0.9

Body fat % Wheat 39.01 ± 0.62 37.75 ± 0.65 36.94 ± 0.66 − 0.03 (− 0.28;0.21) − 0.09 (− 0.49;0.3) 0.785 0.646
Rye 39.81 ± 0.63 38.62 ± 0.65 37.86 ± 0.67

VAT† mass (g) Wheat 1372 ± 78 1251 ± 74 1175 ± 70 21 (− 21;63) 11 (− 43;66) 0.318 0.687
Rye 1545 ± 79 1389 ± 75 1312 ± 71

VAT† volume (cm3) Wheat 1455 ± 83 1326 ± 78 1246 ± 74 23 (− 22;67) 12 (− 46;70) 0.319 0.687
Rye 1638 ± 84 1472 ± 79 1391 ± 75

a Model estimated, not adjusted for baseline.
b Derived from baseline adjusted model, model estimates and p-values were adjusted for multiple testing using Bonferroni correction.Rrye-group is reference for con

fidence intervals. †Visceral adipose tissue estimated from DXA. Data are presented as complete case analysis: estimated marginal means ± SEM, ‘mean (95%confidence 
interval)’. Significance level is p > 0.05, significant p-values are marked in bold font. n: rye = 113, wheat = 116.
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Lacrimispora_amygdalina, were elevated in the wholegrain rye- 
group, while Ruminococcus_torques, Romboutsia_timonensis, Clos
tridium_leptum, Streptococcus_salivarius, Ruthenibacter
ium_lactatiformans, Nitrosopumilus_SGB14899, 
Streptococcus_parasanguinis, Candidatus_Woodwardi
bium_SGB14954, Holdemania_filiformis, Clostridium_sp_AM49_4BH, 
Clostridiaceae_bacterium_Marseille_Q4149, Massiliimalia_massi
liensis, Anaerofilum, Anaerofilum spBX8, Anaerotruncus, Anaero
truncus rubiinfantis and Holdemansia were all reduced in the rye- 
group compared with the wheat-group (p < 0.05) (Fig. 5). Aga
thobacter and Oscillospiraceae UCG-003 were included in the Rye
Weight1 study, but these were not found in the metagenome data 
in RyeWeight2 and could therefore not be evaluated. The non- 
significant  comparisons from Random Forest modelling are 
shown in Supplementary Fig. 4.

Gut microbial genus/species/strain at base line did not predict 
weight loss at 12 weeks (Q2 < 0.2). The findings were irrespective if the 
data were analyzed for the two interventions separately or combined. 
The results were in concordance with univariate analysis where no 
model passed the p-value threshold. Regarding enterotyping, both 
PMM and DMM clustering identified two distinct enterotypes, driven 
by the genera Prevotella and Bacteroides (Supplementary Figs. 5–10). 
However, none of the enterotypes were significantly associated with 
weight loss in any of the models (p > 0.05).

Microbial communities typically associated with butyrate and 
acetate production, which have been reported to vary in in
dividuals undergoing weight loss, did not show significant differ
ences in our study (p > 0.05). Additionally, the selected microbial 
species did not exhibit a positive correlation with butyrate or ac
etate production (p > 0.05).

Table 5A 
Clinical risk markers by diet.

Week 0a Week 6a Week 12a Δbetween groups week 6b Δbetween groups week 12b p week 6b p week 12b

Mean ± SEM Mean difference (95 % CI)

Systolic BP (mmHg) Wheat 125.2 ± 1.1 124.0 ± 1.2 124.4 ± 1.2 − 1.7 (− 3.9;0.6) 0.8 (− 1.5;3.1) 0.145 0.504
Rye 124.0 ± 1.1 124.8 ± 1.2 122.7 ± 1.2

Diastolic BP (mmHg) Wheat 80.2 ± 0.7 78.7 ± 0.7 79.6 ± 0.7 − 1.4 (− 2.9;0.1) 0.3 (− 1.2;1.9) 0.065 0.676
Rye 79.8 ± 0.7 79.8 ± 0.7 79.0 ± 0.7

Pulse (bpm) Wheat 62.0 ± 0.8 60.3 ± 0.8 60.5 ± 0.8 0.1 (− 1.2;1.4) − 0.3 (− 1.9;1.3) 0.869 0.713
Rye 62.6 ± 0.8 60.5 ± 0.8 61.2 ± 0.8

Total cholesterol (mmol/l) Wheat 4.83 ± 0.09 4.94 ± 0.08 4.85 ± 0.08 0.08 (− 0.04;0.19) − 0.07 (− 0.19;0.05) 0.181 0.274
Rye 4.86 ± 0.09 4.89 ± 0.08 4.94 ± 0.08

LDLcholesterol (mmol/l) Wheat 2.96 ± 0.07 3.04 ± 0.07 2.94 ± 0.07 0.07 (− 0.03;0.16) − 0.07 (− 0.18;0.04) 0.150 0.192
Rye 3.00 ± 0.07 3.01 ± 0.08 3.05 ± 0.07

GlycAc Wheat 9.84 ± 0.18 NA 9.36 ± 0.18 NA 0.31 (− 0.05–0.66) NA 0.087
Rye 10.04 ± 0.18 NA 9.71 ± 0.18

GlycBc Wheat 3.23 ± 0.06 NA 3.07 ± 0.06 NA 0.1 (− 0.02–0.22) NA 0.090
Rye 3.29 ± 0.06 NA 3.18 ± 0.06

SPCc Wheat 10.16 ± 0.26 NA 9.95 ± 0.26 NA 0.37 (− 0.1–0.83) NA 0.124
Rye 10.46 ± 0.27 NA 10.41 ± 0.27

Abbreviations: BP, blood pressure; GlycA, glycoprotein N-acetylation A; GlycB, glycoprotein N-acetylation B; SPC, supramolecular phospholipid composite peak.
a Model estimates, not adjusted for baseline or weight loss.
b Derived from model adjusted for baseline and bodyweight change (week 0–12), model estimates and p-values were adjusted for multiple testing using Bonferroni 

correction.
c Arbitrary units.

Table 5B 
Clinical risk markers by diet.

Week 0a Week 6a Week 12a Δbetween groups week 6b Δbetween groups week 12b p week 6b p week 12b

Geometric mean (95 % CI)c Anti-log mean difference (95 % CI)c

HDL cholesterol (mmol/l) Wheat 1.34 (1.28;1.40) 1.35 (1.29;1.42) 1.37 (1.31;1.43) 1.03 (1.00;1.06) 1.02 (1.00;1.05) 0.024 0.079
Rye 1.36 (1.30;1.43) 1.33 (1.27;1.40) 1.36 (1.30;1.42)

Triglyceride (mmol/l) Wheat 0.97 (0.91;1.04) 0.97 (0.91;1.04) 0.98 (0.92;1.05) 0.91 (0.86;0.97) 0.94 (0.88;1.00) 0.003 0.050
Rye 0.98 (0.92;1.04) 1.07 (1.00;1.15) 1.05 (0.98;1.12)

Glucose (mmol/l) Wheat 5.18 (5.09;5.27) 5.14 (5.05;5.24) 5.16 (5.07;5.25) 1.00 (0.98;1.02) 1.00 (0.98;1.02) 0.965 0.937
Rye 5.31 (5.21;5.40) 5.24 (5.15;5.34) 5.26 (5.17;5.36)

Insulin (mIU/l) Wheat 8.32 (7.59;9.12) 7.73 (7.09;8.43) 7.51 (6.86;8.22) 0.99 (0.91;1.06) 1.00 (0.92;1.09) 0.709 0.973
Rye 9.04 (8.24;9.92) 8.31 (7.61;9.07) 7.93 (7.24;8.70)

HOMA-IR Wheat 1.92 (1.73;2.12) 1.77 (1.61;1.94) 1.72 (1.56;1.90) 0.98 (0.91;1.07) 1.00 (0.91;1.10) 0.701 0.987
Rye 2.13 (1.92;2.36) 1.94 (1.76;2.13) 1.86 (1.68;2.05)

HOMA2-IR Wheat 1.70 (1.54;1.87) 1.56 (1.41;1.72) 1.52 (1.37;1.68) 0.99 (0.90;1.08) 0.97 (0.87;1.07) 0.803 0.512
Rye 1.88 (1.69;2.08) 1.70 (1.56;1.87) 1.63 (1.48;1.80)

CRP (mg/l) Wheat 1.28 (1.1;1.49) 1.22 (1.05;1.41) 1.26 (1.08;1.46) 1.09 (0.94;1.26) 1.20 (1.02;1.41) 0.263 0.025
Rye 1.31 (1.12;1.53) 1.13 (0.98;1.31) 1.06 (0.91;1.24)

CRP2 (mg/l) Wheat 1.21 (1.05;1.39) 1.18 (1.03;1.35) 1.20 (1.04;1.39) 1.15 (1.03;1.28) 1.21 (1.05;1.38) 0.010 0.006
Rye 1.31 (1.13;1.51) 1.09 (0.95;1.25) 1.06 (0.92;1.22)

Abbreviations: CRP, C-reactive protein; CRP2, C-reactive protein where values >10.00 mg/L has been removed; HOMA-IR, homeostatic model assessment insulin resistance.
a Model estimates, not adjusted for baseline or weight loss.
b Derived from model adjusted for baseline and bodyweight change (week 0–12), model estimates and p-values were adjusted for multiple testing using Bonferroni 

correction. Data are presented as complete case analysis: estimated marginal means ± SEM. Significance level is p > 0.05, marked in bold font.
c Back transformed from natural logarithm scale.
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3.8.2. SCFA
Plasma butyrate concentrations were 32 % (p = 0.005) higher at 

week 6 and 38 % (p = 0.03) at week 12 in the rye-group compared 
to the wheat-group (Table 6). Butyrate concentrations were un
changed in the wheat-group, subsequently relative increases in 
the rye-group were significant at 6 and 12 weeks compared to the 
wheat-group. Acetate decreased in the wheat-group, while con
centrations were stable in rye-group resulting in relatively higher 
concentrations in the rye-versus wheat-group after 12 weeks of 
intervention − 14 % (p = 0.03) (Fig. 6).

Acetate concentrations at baseline were inversely correlated 
with weight (r = − 0.25, p < 0.001) and fat mass (r = − 0.25, 
p < 0.01) across intervention groups at 12 weeks (Supplementary 
Table 10). Although, participants with high versus low baseline 
acetate levels (50:50) lost 1.6 kg more body weight in the rye 
group (p < 0.001), compared to a difference of 0.6 kg in the wheat- 
group (p = 0.01) (Supplementary Table 13).In the wheat-group 
isovaleric acid showed an inverse correlation with weight 
(r = − 0.15, p = 0.003) and with fat mass change (r = − 0.23, 
p < 0.001), while baseline butyrate was positively correlated with 
body weight (r = 0.18, p = 0.003) at 12 weeks. Isobutyric acid at 
baseline was inversely associated with 12-week fasting insulin 
(r = − 0.31, p < 0.001) and glucose (r = − 0.22, p < 0.001) in the rye- 
group (Supplementary Table 10).

Increase in succinic acid over 12 weeks was inversely correlated 
with weight (r = − 0.22, p < 0.001) and fat mass change (r = − 0.23, 
p < 0.001) in the rye-group (Supplementary Table 11). Addition
ally, isovaleric acid showed an inverse correlation with body 
weight (r = − 0.13, p = 0.03) and fat mass change (r = − 0.17, 
p = 0.004) in the rye-group. Within the wheat-group, none of 
these associations were present, although increased propionate 
levels over 12 weeks was inversely correlated with weight change 
(r = − 0.15, p = 0.01). Increased butyrate was inversely correlated 
with waist circumference (r = − 0.20, p < 0.001) across diets, while 
propionic acid (r = − 0.20, p < 0.001) and valeric acid (r = − 0.20, 
p < 0.001) showed diet specific associations in the rye-group and 

wheat-group respectively. More associations with baseline SCFAs 
and clinical risk markers are shown in Supplementary Tables 10 
and 11.

4. Discussion

In the current 12-week RyeWeight2 trial, participants lost body 
weight and fat mass but with no differences between the inter
vention groups. This result is in contrast with the recent Rye
Weight1 study, where weight loss in the rye-group was 
comparable to that in the present study, but the refined wheat- 
group experienced less weight loss [22]. An altered gut micro
biota composition, changes in plasma SCFAs and reductions in CRP 
between rye and wheat-based interventions were found, in 
concordance with findings from the RyeWeight1 study [49]. Large 
inter-individual variability in body weight change was observed, 
with baseline fasting insulin, HOMA-IR, CRP and SCFA identified as 
potential determinants, showing inverse associations with weight 
and fat mass changes at 12 weeks, particularly in the wheat-group.

4.1. Body weight and fat mass

Few studies have examined the impact of wholegrain rye 
versus refined wheat cereals on body weight and to our knowl
edge, none except for the RyeWeight1 study have been specifically 
designed to evaluate weight loss as a primary outcome [56–58]. In 
a 6-week parallel trial, Suhr et al. evaluated effects on gastroin
testinal symptoms and gut microbiota and observed a 1.3 kg 
greater weight loss in the wholegrain rye-group compared to the 
refined  wheat-group [58]. In contrast to the present study, the 
RyeWeight1 study [22] found a greater reduction in both weight 
and fat mass in the rye-group compared to the wheat-group, 
consistent with the weight loss reported by Suhr et al. [58].

Although RyeWeight2 was designed to replicate the conditions 
of RyeWeight1, there were some differences that may explain the 
difference in results: Participants in RyeWeight2 were slightly 

Fig. 4. Difference in relative abundance after 12 weeks (%). Bacteria that differed significantly (p < 0.05) between the wholegrain rye and refined wheat-group in the RyeWeight1 
study were included, and intervention effects from the RyeWeight2 study presented. Species that showed significant differences at 12 weeks in both studies are highlighted.
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younger (~2 years younger), had lower BMI (~1 kg/m2) and lower 
CRP (~15 %) (Supplementary Table 12). While participants in the 
rye-groups showed similar baseline characteristics across studies, 
wheat-group characteristics differed with HOMA-IR being 19 % 
lower in the RyeWeight2. This difference is notable in the light of 
the inverse correlation observed between baseline HOMA-IR and 
12-week weight change. Participants in the wheat-group in the 
RyeWeight2 study with HOMA-IR < 2.0 lost 1 kg more than those 
with HOMA-IR > 2.0 (Supplementary Table 14). This weight loss 
difference corresponds to the observed difference between the 

intervention groups in the two studies and could partly explain the 
discrepancy in results. Insulin resistance may impair lipolysis by 
prolonging postprandial insulin secretion [59,60], an effect 
potentially amplified  in the wheat-group due to higher glucose 
and maltose release of wheat-based foods [61].

4.2. Clinical risk markers

Interestingly, the observed reduction in CRP in the rye-based 
diet versus the wheat-group is consistent with reductions found 

Fig. 5. Bacterial species selected from Random Forest modelling for the wholegrain rye and refined wheat-group and bacterial genera and species that different between the 
interventions in RyeWeight1 and evaluated in the present RyeWeight2 study are included. Data are presented with estimated marginal means and 95 % confidence interval. Only 
significant comparisons are presented (p < 0.05). p-values are presented with the star system: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. # Bacterial genera and species that 
differed between rye and wheat in the RyeWeight1 study and evaluated in the present RyeWeight2 study. ## Bacterial species that were both selected in the Random Forest 
modelling and differed between rye and wheat in the RyeWeight1 study. 
No ‘#’/‘##’ indicates it was only selected in the Random Forest modelling.
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in the RyeWeight1 study, although the effect size was smaller in 
the current study [22]. These differences may be explained by 
larger and significant difference in weight loss between rye- and 
wheat-groups in RyeWeight1, since body weight loss is known as 
an important determinant of CRP [62]. Few studies have investi
gated the effects of whole grain rye foods on CRP and results are 
yet inconclusive [63]. In line with our results, Xue et al. found that 
CRP levels were lower in overweight participants consuming fer
mented wholegrain rye compared to those consuming refined 
wheat bread after 12 weeks [64]. While the absolute CRP con
centrations observed in our study were low and within the clini
cally normal range, even modest reductions in low-grade systemic 
inflammation  may have long-term health benefits 
[65,66]—particularly if such changes are sustained beyond the 12- 
week intervention period.

Moreover, in a cross-over study with 17 men with prostate 
cancer, CRP was lower after 6 weeks on high-fiber whole grain rye 
foods compared to refined wheat [67]. On the contrary, a 12-week 
wholegrain rye intervention Kallio et al., did not observe re
ductions in CRP, although inflammatory markers in adipose tissue 

were considered and plasma concentrations of IL-1β and IL-6 were 
reduced [68]. Both GlycA and GlycB have been suggested to better 
reflect inflammation than traditional biomarkers such as CRP and 
IL-6 [69], but no wholegrain interventions have yet measured 
these novel inflammatory markers. Observed reductions in GlycA, 
GlycB and SPC in the current study did not differ between the rye- 
and wheat-group. The increase in triglycerides at 6 weeks 
observed in the rye group may reflect a transient metabolic 
adaptation to increased fiber intake and SCFA production. Similar 
effects have been reported in high-fiber, high-carbohydrate in
terventions, potentially due to reduced clearance of VLDL tri
glycerides [70]. As this change was not sustained at 12 weeks and 
the magnitude was modest, it is unlikely to be clinically relevant.

When investigating the associations between CRP and GlycA and 
fat mass loss, an inverse association was found in the wheat-group 
but not in the rye-group. This indicates that sub-clinical inflamma
tory status influences participants’ ability to reduce body fat mass 
following the hypocaloric wheat- but not the rye-based diet. This 
hypothesis is also supported by similar associations with CRP and fat 
mass loss found in in the RyeWeight1 study [22].

4.3. Appetite

Overall, we did not observe any differences in subjective 
appetite between the wholegrain rye and refined  wheat-group. 
These findings are in line with the results from the RyeWeight1 
study. We recently showed good agreement between subjective 
appetite measures assessed by VAS in free-living participants and 
participants under controlled clinic-based conditions [71]. No 
correlations between appetite response and weight loss were 
found in this study or RyeWeight1, suggesting that self-reported 
satiety and hunger had little impact on weight loss under the 
conditions in the two studies. Reasons for that could be that the 
proportion of intervention foods in these study diets were insuf
ficient to impact appetite sensations [13]. In contrast to most in
terventions assessing appetite responses to whole-grain rye, 
which have primarily included normal-weight individuals, our 
study focused on individuals with overweight or obesity—who are 
known to have altered appetite regulation [72,73]. This may also 
have contributed to no apparent relationship between appetite 
measures and weight loss.

Table 6 
Plasma short chain fatty acids by diet.

Week 0a Week 6a Week 12a Δbetween groups week 6b Δbetween groups week 12b

Formic acid Rye 
Wheat

66.9 (60.1;73.6) 69.9 (63.1;76.6) 69.7 (62.9;76.4) 0.4266 0.9255
66.2 (59.7;72.7) 67.6 (61.0;74.1) 70.1 (63.6;76.6)

Acetic acid Rye 
Wheat

60.6 (53.2;68.0) 65.7 (58.3;73.2) 62.2 (54.8;69.5) 0.2126 0.0349
66.5 (59.3;73.7) 64.0 (56.9;71.2) 57.1 (49.9;64.3)

Propionic acid Rye 
Wheat

0.60 (0.52;0.68) 0.61 (0.53;0.69) 0.62 (0.54;0.70) 0.6902 0.6035
0.53 (0.46;0.61) 0.58 (0.51;0.66) 0.59 (0.52;0.67)

Butyric acid Rye 
Wheat

0.37 (0.30;0.44) 0.49 (0.42;0.56) 0.51 (0.44;0.57) 0.0048 0.0027
0.41 (0.34;0.47) 0.40 (0.33;0.47) 0.42 (0.35;0.48)

Isobutyric acid Rye 0.15 (0.14;0.17) 0.16 (0.14;0.18) 0.15 (0.14;0.17) 0.5333 0.6082
Wheat 0.15 (0.13;0.16) 0.15 (0.13;0.16) 0.15 (0.14;0.17)

Succinic acid Rye 
Wheat

2.22 (2.08;2.35) 2.22 (2.08;2.35) 2.27 (2.13;2.40) 0.2131 0.9875
2.30 (2.17;2.43) 2.36 (2.23;2.49) 2.30 (2.17;2.43)

Valeric acid Rye 
Wheat

0.05 (0.04;0.06) 0.04 (0.03;0.05) 0.05 (0.04;0.06) 0.5914 0.8679
0.04 (0.03;0.05) 0.05 (0.04;0.05) 0.05 (0.04;0.06)

Isovaleric acid Rye 
Wheat

0.51 (0.46;0.57) 0.53 (0.47;0.58) 0.57 (0.51;0.62) 0.8146 0.3538
0.48 (0.42;0.53) 0.51 (0.45;0.56) 0.52 (0.47;0.58)

Caprionic acid Rye 
Wheat

0.14 (0.11;0.17) 0.16 (0.13;0.19) 0.18 (0.15;0.20) 0.3683 0.7404
0.17 (0.15;0.20) 0.18 (0.16;0.21) 0.18 (0.15;0.20)

a Geometric mean and 95 % confidence intervals, not baseline adjusted.
b Difference between the groups at week 6/week 12 in a baseline adjusted model. Data are presented as complete case analysis. Significance level is p < 0.05, significant p- 

values are marked in bold font. n: rye = 113, wheat = 116.

Fig. 6. Relative change (%) in selected short-chain fatty acid concentrations after 12 
weeks of intervention in the rye- and wheat-group. *Indicate significant contrasts 
between intervention groups.
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4.4. Gut microbiota and SCFAs

We found several alterations in gut microbiota that have pre
viously been associated with beneficial  health outcomes. For 
example, we found an increase in Bifidobacterium adolescentis 
which is in line with other studies where subjects were provided 
with galaco-oligosacharides and inulin [74,75]. In mice, 
B. adolescentis administration reduced fasting and postprandial 
blood sugar, improved glucose tolerance, and prevented pancre
atic damage [76], though its effects in humans have been less 
explored. In contrast, we found that Ruthenibacterium lactatifor
mans decreased after rye versus wheat-based intervention, which 
is in line with a previously study where the genus was reduced by a 
mediterranean diet [77]. A similar effect was found for Holdemania 
filiformis which previously has shown to reduce by intake of 
berberine [78]. Interestingly, we found that [Ruminococcus] torques 
group, Anaerotruncus, Anaerofilum, and Holdemania were reduced 
in the rye-versus wheat-group and these genera have been asso
ciated to negative health outcomes as inflammation, obesity, and 
increased glucose levels [79–83]. The reduction of Streptococcus 
salivarius and Streptococcus parasanguinis in the rye-versus wheat- 
group is interesting, as both are normal members of the oral 
microbiome. However, notably, Streptococcus parasanguinis 
detected in the gut has in a large cross-sectional study been 
associated with subclinical coronary atherosclerosis [84]. The 
health impact of their reduction in the gut due to rye consumption 
needs to be further explored.

Observed decrease in [Ruminococcus] torques group, Anaero
truncus, Anaerofilum, Holdemania and trend of significant decrease 
in Eubacterium ventriosum and increase of Haemophilus in the rye- 
group were in concordance with alterations shown in the Rye
Weight1-study where the 16SrRNA-method was used. This suc
cessful replication brings strong evidence of rye-related alterations 
of gut microbiota observed in both studies, despite methodological 
differences in gut microbiota assessment. Taken together, the effect 
of wholegrain rye versus refined wheat on microbiota composition 
appears favorable, since these alterations have been associated to 
beneficial health outcomes in previous studies.

Notably, our study could not replicate findings  from a few 
previous studies where the genus Prevotella predicted weight 
loss in studies on a diet rich in whole grain and dietary fiber, 
mainly from rye. However, these were post hoc analyses of 
small studies from one research group [27,28,85]. We 
acknowledge that the enterotype concept remains debated, but 
we included it as an exploratory tool to provide context for 
overall microbiota patterns in relation to weight loss, since the 
effects on weight loss of a high fiber  cereal food intervention 
have been attributed to enterotypes. Our study was large and 
provides robust, replicated results showing that the gut 
microbiota was not a determinant of weight loss, as suggested 
in several studies with high-fiber  diets [27–29,86]. Instead, 
other metabolic factors at base line, such as HOMA-IR and 
weight loss may be of larger importance.

Many studies have shown that colonic microbiota and 
derived metabolites, particularly SCFAs, play a significant  role 
in glucose metabolism, energy homeostasis and body weight 
control [15,79]. However, few intervention studies found 
higher plasma SCFA levels following whole grain intake, but 
the effects on SCFA levels, as well as the source of whole 
grains, varies across studies [21,87,88]. Absolut changes in 
plasma SCFAs observed in the current study were relatively 
small, but in line with increased acetate and butyrate in the 
rye-group vs wheat-group reported in the RyeWeight1 study 
[22]. Vetrani et al. showed increased plasma propionate 
following 12 weeks of mixed whole grain sources vs refined 

cereals in participants with metabolic syndrome [89], while 
Damen et al. showed increased fecal butyrate and acetate in 
healthy volunteers (BMI ~ 21) consuming arabinoxylan forti
fied  bread versus refined  wheat bread for 12-weeks [90]. 
However, plasma SCFA levels may have stronger associations 
with BMI, GLP-1 and insulin sensitivity compared with fecal 
SCFAs [91]. In contrast to Damen et al., we show increased 
SCFAs in individuals with overweight and obesity measured in 
plasma.

In our study, plasma acetate at baseline was associated with 
weight and fat mass change across both diets over 12 weeks. 
However, the effect was more pronounced in the rye-group where 
participants with high vs low (50:50) acetate lost 1.6 kg more body 
weight (Supplementary Table 13). Acetate is the most abundant 
SCFA and has been shown to increase energy expenditure and fat 
oxidation via secretion of the gut hormones affecting appetite, 
which may mediate weight loss [92,93]. Beyond body weight 
regulation, circulating acetate and butyrate have also been associ
ated with favorable metabolic profiles,  including higher fasting 
GLP-1 levels and lower fasting glycerol, triglycerides, free fatty acids 
[91].

To our knowledge, this is the first wholegrain intervention to 
demonstrate that baseline plasma acetate levels was associated 
with whole grain intervention induced weight loss in overweight 
and obese participants. We also investigated whether bacterial 
species known to produce acetate and butyrate differed across 
-weight loss strata. The absence of such findings,  and lack of 
correlation between these species and plasma SCFAs in our study 
may be attributed to the complex, yet poorly understood, 
mechanisms that have linked SCFA to weight loss in previous 
studies [94,95].

4.5. Strength and limitations

The RyeWeight2 study has several strengths. Participants were 
instructed to replace their habitual cereals with a fixed amount of 
intervention foods, thereby closely mimicking their habitual diet, 
which may be sustainable post-intervention. The RyeWeigth2 
study used the same set up as RyeWeigth1, which offered unique 
replication. The RyeWeight1 and 2 studies are the largest inter
vention studies measuring body composition by DEXA following 
whole grain and refined  wheat-based diets, providing valuable 
data on changes in body composition. Furthermore, adherence to 
intervention diets was evaluated by plasma alkylresorcinols, of
fering an objective measure of compliance.

The study also has some limitations. By design, no samples were 
taken before the initial 2-week run-in period on refined wheat which 
represented the baseline. Fecal samples were collected after the initial 
run-in period which may have affected gut microbiota composition 
and contaminated our analysis of specific  genus, species or enter
otypes associated with 12-week body weight changes. The run-in 
weight-loss requirement may limit generalizability, as about one- 
third of participants did not meet the threshold. Slightly higher pro
tein intake observed in the wheat-group may affect satiety and sub
sequent energy intake as protein has shown such properties [96]. The 
increased gastrointestinal symptoms reported in the rye-group need 
to be considered when implementing a diet high in wholegrain rye 
foods. A key limitation is the use of different microbiome sequencing 
methods (16 S rRNA in RyeWeight1 and shotgun metagenomics in 
RyeWeight2), which differ in taxonomic resolution and sensitivity to 
protocol variations such as DNA extraction and library preparation, 
although all samples were stored under identical conditions 
at − 80 ◦C. These methodological differences may introduce biases and 
limit direct comparability between studies. However, employing 
different methods alongside obtaining similar findings  can also be 
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considered a strength, as it enhances the robustness and validity of the 
results. A further limitation is that exploratory correlation analy
ses—specifically  those involving baseline clinical markers—and 
certain gut microbiota analyses were not adjusted for multiple testing. 
Consequently, these specific  results should be interpreted with 
appropriate caution. Finally, while the imputation method used for 
missing data in the ITT analyses (LOCF) has known limitations, it was 
applied to maintain consistency with the RyeWeight1 study.

5. Conclusion

The hypothesis of greater reductions in body weight and fat 
mass with wholegrain rye versus refined wheat foods as part of a 
hypocaloric diet could not be confirmed in the present study. This 
contrasted with results from the RyeWeigth1 study and may be 
due to younger participants with better insulin sensitivity in the 
wheat-group, achieving greater weight loss in the present study. 
However, reductions in CRP suggest that wholegrain rye cereals 
may have beneficial effects on subclinical inflammation compared 
to refined  wheat, shown in both the RyeWeight1 and 2 study. 
Distinct shifts in gut microbiota composition and plasma SCFAs, 
with reductions in genera and species linked to negative health 
outcomes in the rye-group were in concordance with findings of 
the RyeWeight1 study. Exploratory analysis revealed that gut 
microbiota did not predict weight loss. However, individuals with 
higher baseline HOMA-IR, CRP, and plasma acetate showed 
modest reductions in weight and fat mass, especially in the wheat- 
based intervention. This suggests that those with elevated 
inflammation and advancing insulin resistance may benefit more 
from replacing refined wheat with wholegrain rye foods. Taken 
together, results from the present study, in line with a previous 
similar study, show that 12 weeks of rye intake causes positive 
metabolic effects and changes in microbiota which may have im
plications for cardiometabolic health.
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