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ALAT: alanine aminotransferase, ASAT: aspartato aminotransferase, AUC: area under the curve, 
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cholic acid, CDCA: chenodeoxycholic acid, CLR: centered log ratio transformation, CRD: caloric 

restriction diet, DA: discriminant analysis, DCA: deoxycholic acid, ENA: European Nucleotide Archive, 

EV: explained variation, FC: fold-change, EU: European Union, FDR: false discovery rate, GCA: 

glycocholic acid, GCDCA: glycochenodeoxycholic acid, GDCA: glycodeoxycholic acid, GLCA: 

glycolithocholic acid, GUDCA: glycoursodeoxycholic acid, HC: hip circumference, HDCA: 

hyodeoxycholic acid, HOMA-IR: homeostatic model assessment of insulin resistance, ITF: inulin type 

fructans, LBM: lean body mass, LC: liquid chromatography, LCA: lithocholic acid, LDL: low-density 

lipoprotein, LMM: linear mixed models, mOTU: marker gene-based operational taxonomic unit, MS: 

mass spectrometry, NMDS: non-metric multidimensional scaling, ORF: open reading frame, PCR: 

polymerase chain reaction, PLS: projection to latent structures model, RCT: randomized controlled 
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Abstract 

Scope. Dietary-based strategies are regularly explored in controlled clinical trials to provide cost-

effective therapies to tackle obesity and its comorbidities. We present a complementary analysis 

based on a multivariate multi-omics approach of a caloric restriction intervention with fibre 

supplementation to unveil synergic effects on body weight control, lipid metabolism, and gut 

microbiota.  

Methods and results. We explored faecal BAs and SCFAs, plasma BAs, and faecal shotgun 

metagenomics on 80 overweight participants of a 12-week caloric restriction clinical trial (- 500 

kcal/day) randomly allocated into fibre (10 g/day inulin + 10 g/day resistant maltodextrin) or placebo 

(maltodextrin) supplementation groups. The multi-omic data integration analysis (sparse PLS-DA 

method) uncovered the benefits of the fibre supplementation and/or the CRD (e.g. increase of 

Parabacteroides distasonis and faecal propionate), showing sex-specific effects on either adiposity 

and fasting insulin; effects thought to be linked to changes of specific gut microbiota species, 

functional genes, and bacterially produced metabolites like SCFAs and secondary BAs. 

Conclusions. Our study has identified diet-microbe-host interactions helping to design personalised 

interventions. It also suggests that sex perspective should be considered routinely in future studies 

on dietary interventions efficacy. All in all, we uncovered that our dietary intervention was more 

beneficial for women than men. 

 

Keywords: Dietary fibre, gut microbiome, metabolomics, inulin, resistant maltodextrin, obesity, 

weight loss, multi-omics. 
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Introduction 

Obesity and overweight represent a major concern for public health because of their rising 

prevalence rates in both industrialised and developing countries [1-3]. The so-called westernised 

diet, hypercaloric and high in saturated fat and refined sugars, is recognised as the main driver of 

increased adiposity in humans together with a sedentary lifestyle. Accordingly, clinical trials have 

been conducted to prove whether dietary interventions could be cost-effective strategies to tackle 

obesity and its comorbidities. Of them, caloric restriction regimes are known to provide efficacy on 

reducing adiposity and improving organ function, reducing the risk of non-communicable comorbid 

diseases [4-6]. On the other hand, large cohort observational studies have shown that increased 

intake of plant fibres and reduced intake of saturated fat decrease the risk of chronic metabolic 

diseases and promote healthier life [7-10]. Multiple studies based on randomized placebo controlled 

interventions have attempted to establish whether the gut microbiota mediates dietary health 

effects, but their results are limited to establish simple correlations among variables in a pair-wise 

manner. To inferring the health consequence of nutrient-host-microbiota interactions requires the 

application of advanced integrative analyses [11] of multi-dimensional datasets from clinical and 

multi-omics analysis of fully phenotyped subjects. Here, we have applied a multi-omics approach to 

identify diet-microbiota-host interactions that could account for metabolic health effects of a dietary 

intervention, consisting of a caloric restriction regime together with a fibre supplementation, in a 

randomized, placebo-controlled, double-blinded clinical trial.  

After an early evaluation aiming the effects of prebiotic fibres on weight loss during an energy-

restricted diet and the investigation on the effects of fibre supplements on body composition, gut 

microbial community and risk factors related to the metabolic syndrome [12], we completed this 

complementary study to investigated to what extent sex explains and influence the response to CRD 

and fibre supplementation by including this information as the main covariate in the assessment of 

several multivariate datasets, comprising an advanced species-level and functional microbiota 

evaluation together cutting-edge bile acid and SCFAs quantification in plasma and faecal samples. 

Experimental section 

Study design 
The study was a randomised, double-blinded, two-armed parallel intervention trial conducted from 

June 2017 to May 2018. The study was registered at ClinicalTrials.gov (NCT03135041), managed 

according to the guidelines laid down in the Declaration of Helsinki and carried out following the 

standards of The Ethical Committee of the Capital Region of Denmark (H-16045613) and the Danish 

Data Protection Agency (2015-57-0116). This constitutes a complementary analysis of the clinical 

trial publicly available elsewhere [12]. 

Dosage information, subjects, samples, and clinical variables 
Criteria selection for participants as well as the dietary intervention design is disclosed elsewhere 

[12]. For multi-omics assessment we selected 80 participants with paired faecal and plasma samples 

at the baseline and the end of the intervention, thus ensuring a controlled multi-omic integration of 

data assuming equal idiosyncratic variation between time points. Of them, 39 followed CRD plus 

fibre supplement consisting of 10 g/day inulin (Fibruline® Instant, from chicory and average 
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polymerisation degree ~10) + 10 g/day resistant-maltodextrin (Fibersol® - 2, from corn), and 41 

followed CRD plus placebo (maltodextrin, isocaloric content) supplement. The fibre and placebo 

supplement were added to 200 mL of semi-skimmed milk and these were provided twice per day 

(morning and afternoon). The placebo supplement product was designed to achieve the same caloric 

content, taste and appearance as the fibre supplement product (CAPSA FOOD, Granda-Asturias, 

Spain). All participants completed the study in full compliance to dietary guidelines according to 

multiple dietician consultations (five per participant). Clinical data were analysed using non-

parametric or parametric (paired or unpaired) tests according to Shapiro-Wilk normality test, and 

comparisons among groups at week 0 and week 12 were subject to post hoc analysis with correction 

for multiple testing using false discovery rate approach (FDR < 0.05).  

Faecal DNA shot-gun sequencing 
The faecal collection took place within the 3 days before both clinical investigation days and the 

participants were instructed to deliver the sample (kept cold in a cooler bag with disposable cooling 

blocks) within 3 h after collection to the Department of Nutrition, Exercise and Sports of the 

University of Copenhagen. The faecal sample was weighed, and 1 g of the sample was transferred to 

a cryo-vial, snap-frozen, and stored at −80 °C until processing. The faecal DNA was extracted using 

the QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany), according to the manufacturer’s 

instructions, with a prior step of bead beating in 2 mL microcentrifuge tubes containing 0.1 mm 

diameter glass beads, ~ 150 mg faeces, and 1 mL InhibitEX buffer. Bead beating was carried out in a 

Mini-Bead Beater apparatus (BioSpec Products, Bartlesville, USA) with two cycles of shaking during 1 

min and incubation on ice between cycles. The faecal DNA concentration was measured by 

fluorescence-based methods such as Qubit® 3.0 and the Qubit dsDNA HS Assay Kit (Thermo Fisher 

Scientific, Waltham, MA, USA). Library preparation for shotgun metagenomic sequencing was 

performed by the IPBLN Genomics Core Facility (CSIC, Granada, Spain). Libraries were prepared 

using the NexteraTM DNA Flex Library Preparation kit (Illumina, San Diego, CA, USA) from 350-450 ng 

of DNA. A low cycling indexing protocol (5 PCR cycles) and Unique Dual Indices (UDI) (IDT-ILMN 

Nextera DNA UD Indexes) were used to minimize amplification bias and to prevent index hopping 

respectively. Due to the limited availability of UDIs, samples were randomly distributed in two 

different groups of 81 samples each (160 samples + 2 negative controls in sum). Every final library 

was individually quantified on the Qubit® 3.0 fluorometer and run on a Bioanalyzer HS DNA chip 

(Agilent, Santa Clara, CA, USA) to verify quality and size distribution (~540bp in average). Samples 

were then normalised and pooled in an equimolecular manner in two different pools that were 

diluted and denatured as recommended by Illumina NovaSeq library preparation guide. PhiX DNA 

was spiked-in at 1% in both pools with no UDI. The 2x150nt paired-end sequencing was conducted 

on a NovaSeq 6000 sequencer (NIMGenetics, Madrid, Spain). The 162 samples were accommodated 

in one S4 flow cell (pool 1, lanes 1 and 2; pool 2 lanes 3 and 4).  

Metagenomics data analysis 
Taxonomy. Approximately 3.69 Tb raw data were delivered in fastq files. Paired-end fastq files were 

used to perform a phylogenetic mOTUs approach enabling the taxonomy profiling of >7700 

microbial species [13]. Consequently, the mOTUsv2.0 profiler was used with the -g 1 -c -l 120 -y 

insert.scaled_counts parameters to set a balance between high sensitivity and high precision 

configurations. The alpha diversity ecological assessment was completed in the qiime v1.9.1 toolkit 

[14], estimating the number of mOTUs observed as well as the reciprocal Simpson's index and 
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dominance index over the normalised abundance of more than 7,700 mOTUs features compiled 

during the taxonomy survey. Alpha diversity descriptors as well as mOTUs abundance were 

corrected by a size factor computed as the ratio of individual library size (paired-end million reads 

obtained) over the median of library sizes of all samples. The beta diversity approach was based on 

calculation of the Bray-Curtis dissimilarity index among samples followed by exploratory NMDS and 

interpretative (PERMANOVA) multivariate analyses. Differential abundance in mOTUs distribution 

was evaluated with LMM (nlme::lme function) on centered log ratio (clr) transformed compositional 

data (compositions::clr function). Diet supplementation (fibre or placebo) and time points (baseline 

and end of intervention) were considered as fixed effects, whereas the idiosyncratic individual 

variation, sex (female and male), age, and baseline-BMI were considered as random effect. Gut 

microbiota changes associated with the intervention were estimated in a subset of the most 

abundant mOTUs (N = 301) reaching a relative abundance > 0.005% (50 reads per million) in average 

and prevalence ≥ 25 % (present in at least 40 samples). Individual microbial species variation per 

diet, time, and sex condition was estimated as the fold-change resulting from: log2[week12 

counts/week 0 counts]. Rank correlations based assessment of on concordant and discordant pairs 

(Kendall's tau -- parameter) were established to further study associations among clinical, 

anthropometric, and mOTUs data. FDR was applied to correct p-values obtained from thousands of 

correlation tests executed at once. Selection of meaningful associations was based when FDR p-

value < 0.01 and absolute Kendall's  (tau) ≥ 0.3. 

Weight loss predictive biomarkers. The Bacteroides and Prevotella species have different enzymatic 

capacities to degrade dietary fibre, and previous studies have disclosed the potential of such 

taxonomy groups proportions to anticipate efficacy on weight control of fibre-based clinical 

interventions [15-17]. We tested the most abundant Bacteroides and Prevotella mOTUs individually 

to predict weight loss on the entire CRD and fibre group. Body weight change was evaluated as a 

binary outcome by splitting subjects into either a high weight-loss or a low weight-loss balanced 

groups (threshold = -5.5 kg as the median of weight-loss and fitting with ~5% weight loss from 

average baseline bodyweight = 99.5 ± 16.7 kg). The evaluation for predictiveness was carried out 

using baseline clr normalised counts and log2 fold-changes of respective mOTUs. Importance of 

mOTUs as informative features was performed with the randomForest R package using 1000 trees 

for classification evaluation. Additionally, a logistic regression model (glm *family “binomial” (link 

"logit”)+ function of R v3.6) adjusted for age, sex, and height (squared) for most mOTUs (clr 

normalized abundance) with the highest importance on classification was completed to further 

evaluate their discriminant trait in the study group. 

Functional analysis. Paired-end fastq files, depleted from human DNA reads (using conventional 

bowtie+samtools+bedtools algorithms and hg38 assembly), were used to assemble the faecal 

metagenome of each individual at week 0 and week 12 by using Velvet assembler v 1.2.10 [18] with 

k-mer length 61, -exp_cov auto, -ins_length 250, and -ins_length_sd 60 parameters, followed by an 

assembly refinement step using the Metavelvet extension [19] with the -ins_length 250 -

ins_length_sd 60 configuration. The assembled contigs larger than 500 nt in length were retained 

and the prediction of potential ORF encoded in such fragments from respective metagenomes was 

assisted by FragGeneScan v1.30 [20], with the -complete=0 and -train=complete configuration. 

Peptide sequences (with length ≥ 50 aa) obtained from the ORF prediction in all metagenomes were 

concatenated and clustered at 70% sequence identity using cdhit algorithm with -c 0.7, -G 1, -B 1, 
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and -g 1 parameters [21, 22]. For read mapping against the non-redundant peptide database 

compiled from the 160 metagenomes assembled, we used the usearch v8.0.1623 algorithm [23] with 

the following parameters: -usearch_local, -id 0.7, -strand both, and -top_hit_only. Differential 

abundance of coding metagenes was assessed by using negative binomial distribution methods 

implemented in DESeq2 with the implemented poscounts method for normalisation dealing better 

with zero-inflated data [24], and FDR for selection < 0.05. Gene abundance in DESeq2 was assessed 

individually in both intervention groups by setting the design parameter as: ~ Time or ~ Gender + 

Time + Gender:Time, this last to include sex information as covariate. Functional analysis was 

performed by annotating the full set of non-redundant coding sequences, obtained in the global 

metagenome assembly, against the KEGG database [25] through the eggnog-mapper server [26]. 

KEGG orthologues (KO) from individual up- and down-represented subsets of genes were compiled 

into KEGG modules (M) via KEGG Orthology Database [27]. 

Liquid chromatography (LC)-Mass spectrometry (MS) lipidomics 
Homogenization of fecal samples. Fecal samples were homogenised in 70%-isopropanol using a 

gentleMACS™ Dissociator (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) as described 

previously [28]. Faecal concentrations were related to dry weight determined by overnight air-

drying. 

Plasma and faecal BA quantification. BAs were quantified by LC-MS/MS as described previously [29, 

30]. In brief, for all analytes stable isotope labeled internal standards were added prior acetonitrile 

precipitation. For fecal samples the homogenate was dilute to 0.2 mg dw/mL and as for plasma 100 

µL were subjected to analysis. Concentrations for fecal samples were calculated as described for 

serum but using a separate matrix calibration lines generated by standard addition to fecal 

homogenate. 

Faecal SCFAs quantification. SCFAs were quantified by LC-MS/MS as described detailed previously 

[31]. 

Lipidomics data analysis. Differential concentration of BAs and SCFAs was evaluated with LMM 

methods (nlme::lme function) on log-transformed data in a similar manner than microbiome-

associated data. Accordingly, diet supplementation and time points were considered as fixed effects, 

whereas the idiosyncratic individual variation, sex, age, and baseline-BMI were considered as 

random effects in the model. Similarly than performed for associations between mOTUs and clinical 

data, rank correlations based assessment of on concordant and discordant pairs (Kendall's  

coefficient) were established to further study lipids associations with clinical, anthropometric, and 

microbiota data. False discovery rate (FDR < 0.01) was applied to correct p-values obtained from 

dozens of correlation tests executed at once. 

Multi-omics data integration 
Faecal lipidomics, mOTUs, anthropometric, and biochemical data were compiled in and advanced 

integrative analysis supported by sparse PLS-DA algorithms implemented in the DIABLO v6.10.8 

package [32]. Thirty features (6 from lipidomics, 15 from mOTUs, and 9 from clinical data) were 

randomly selected to create tuned PLS-DA models using 10-fold and 3-fold cross-validation across 

multiple iterations (nrepeat = 10). Informative variables were predicted to occur among time, diet, 

and gender factors interaction in this supervised assessment. Selection of reliable models explaining 
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variation was based on their performance (AUROC ≥ 0.70), and the consensus between both K-fold 

configurations. Declared AUROC and p-values supporting performance of models are based on 3-fold 

cross-validation. 

Results 

Clinical effects of the caloric restriction and fibre intervention 
The eighty participants who completed the intervention and provided paired biological samples at 

baseline and after the intervention, were those included in the multi-omics analysis of the CRD. 

Forty-one received placebo and thirty-nine received the fibre supplement. The baseline and final 

anthropometric, biochemical, dietary, and physiological characteristics of selected participants are 

shown in Table 1. There were some differences in body weight (Placebo = 95.5 ± 16.9 kg versus Fibre 

= 103.4 ± 15.8 kg, t-test = -2.17, p = 0.033), waist circumference (Placebo = 103.9 ± 10.7 cm versus 

Fibre = 109.1 ± 11.9 cm, t-test = -2.07, p = 0.042), and lean body mass (Placebo = 51.6 ± 11.5 kg 

versus Fibre = 57.1 ± 11.8, Wilcoxon Rank test = 572, p = 0.029) between groups at baseline, but 

these were not related to the sex of participants. 

The evaluation of changes in clinical parameters of participants included in this multi-omic 

assessment showed no differences compared to those previously determined for the full group of 

subjects and the synergistic effect of CRD and fibre supplementation on blood pressure was also 

evident in this subgroup of participants (Table 1) [12]. In our early evaluation of the gut microbiota, 

based on 16S rRNA gene amplicons (V3-V4), the participants showed different microbiota 

longitudinal trajectories associated with sex upon treatment. Therefore, we hypothesised that 

improvements in several clinical parameters could also be driven by sex-associated gut microbiota 

differences. Indeed, when we analysed the dietary effects in each supplementation group stratified 

by sex, we found significant improvements in certain anthropometric and metabolic parameters as a 

result of the fibre supplementation only in women but not in men. Improvements in HC (women = -

5.49 cm in average, Wilcoxon Signed test = 0, FDR < 0.001; men = -4 cm in average, Wilcoxon Signed 

test = 4.5, p = 0.174) and ALAT (women = -9.57 U/L, Wilcoxon Signed test = 25.5, FDR < 0.001; men = 

-8.27 U/L, Wilcoxon Signed test = 16, FDR = 1.000) were more profound in women than men 

consuming the fibre supplement (Figure S2). After CRD, men reduced the VAT more than women (-

0.52 kg and -0.27 kg in average, respectively, Wilcoxon Rank test = 954.5 p = 0.022). The reduction of 

energy intake, irrespective of the supplement consumed, was twice larger in men than women (-864 

kcal/day and -439 kcal/day in average, respectively, Wilcoxon Rank test = 946, p = 0.004), and this 

could be explained by a larger magnitude in reduction of fat (women = -3.44 E%, Wilcoxon Signed 

test = 268.5, FDR = 0.002; men = -4.04 E%, Wilcoxon Signed test = 67.5, FDR = 0.011) and starch 

(women [n = 56] = -12.9 g/day in average, paired t-test = -2.64, FDR = 0.017; men [n = 22] = -18.8 

g/day in average, paired t-test = - 2.24, FDR = 0.017) intake in those participants. Also, men showed a 

larger reduction in fasting insulin after CRD (-30.1 pmol/L in average in men, Wilcoxon Signed test = 

246.5, p = 0.064 and -10.4 pmol/L in average in women, Wilcoxon Signed test = 1096, p = 0.290) and 

such attenuation was 10-fold more pronounced upon fibre supplementation (-30.8 pmol/L in 

average in men and -3.1 pmol/L in women) (Figure S2). 
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Impact of CRD and fibre supplementation on gut microbiota 
The supplement and the CRD did not cause important changes in diversity at week 12 of the 

intervention (Wilcoxon Rank test = 2955, p = 0.404) (Figure 1A). No relevant alterations of alpha 

diversity descriptors were associated with sex. The microbial community structure (beta diversity) 

was found to be influenced to a larger extent by the supplement (PERMANOVA = 2.01, p = 0.002) 

and the sex (PERMANOVA = 1.85, p = 0.001), whereas the CRD intervention caused no alterations 

(PERMANOVA = 0.93, p = 0.562). The exploratory multivariate analysis NMDS, based on Bray-Curtis 

dissimilarity index calculation, discriminated the participants' microbiota according to the 

supplement (Wilcoxon Rank test = 3865, p = 0.023) and sex (Wilcoxon Rank test = 3454, p = 0.053) 

(Figure 1B-C) (NMDS2 dimension), showing a divergent arrangement of the men's gut microbiota 

according to the supplement (placebo or fibre) (Figure 1C). 

The LMM approach showed similar results as the beta diversity analysis, indicating that categorical 

variables explored such as supplement (fibre or placebo) (EV [over 301 mOTUs analysed] = 5.22%) 

and sex (EV = 5.59%) influenced to a larger extent the microbiota than the CRD itself (EV = 1.18%). 

Furthermore, we found that discrete variables such as age and baseline-BMI also exerted a 

substantial effect on the gut microbiota profiles (EV = 4.39% and 6.17%, respectively). Therefore, the 

precise response of the gut microbiota to the CRD and fibre supplement was evaluated with 

covariate control (age, baseline-BMI, and sex as random effects on LMM). As a result of this analysis, 

we observed that the CRD predominantly reduced the abundance and prevalence of 25 mOTUs. Of 

those accurately identified at the species level, we found a predominant reduction of Bacteroides 

species such as B. cellulosilyticus, B. timonensis, and B. fragilis (Figure 2A). Besides, Ruminococcus 

torques and Roseburia intestinalis also diminished as a consequence of the CRD. Globally, the caloric 

restriction regime induced a boost of Bifidobacterium longum species (Figure 2A). When supplement 

was evaluated between time points, we detected that Bifidobacterium adolescentis and 

Parabacteroides distasonis were boosted by the fibre compared to the placebo (Figure 2B).  

The interaction of supplement, time, and sex variables also showed a disparate response between 

participants. The effect of CRD plus fibre supplementation increased the abundance of P. distasonis 

equally in men and women (FC medians = 1.36 and 2.30, respectively) (Figure 2C), but the response 

differed for others microbial species. For example, increase in bifidobacteria species (B. adolescentis 

and B. longum) was mainly attributed to the effects detected in men which were larger than in 

women (Figure 2C), a covariate that could explain differences of B. adolescentis boost in response to 

resistant starch in previous trials [33, 34]. Contrariwise, decreases in species such as R. torques, R. 

intestinalis, and C. comes caused by the CRD combined with the fibre supplement were larger in 

women than in men (Figure 2C). 

Predictive biomarkers for weight loss 
The most abundant mOTUs of the genera Bacteroides and Prevotella were evaluated as possible 

predictive biomarkers of the dietary response [15]. This analysis indicated that baseline abundance 

of ref_mOTU_v2_1073 (Bacteroides fragilis or Bacteroides ovatus) were negatively related to the 

magnitude of weight loss during the CRD (Figure S3A). A relationship between high baseline 

abundance of Bacteroides xylanisolvens (ref_mOTU_v2_1072) and the magnitude of weight loss was 

also intuited (Figure S3A-B). However, an additional analysis based on logistic regression 

corroborated the predictive value of ref_mOTU_v2_1073 (B. fragilis or B. ovatus) only. No particular 
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associations of mOTUs with sex or age were detected. No potential predictive biomarkers were 

retrieved after evaluation of week 12 or delta (week 12 – week 0) values. 

Microbiome functions altered by CRD and fibre supplementation.  
The functional analysis indicated that for ~2.5 million metagenes evaluated we roughly reached 30% 

annotation when compared all metagenes with KO representatives. A preliminary DESeq2-based 

analysis showed that 154 coding metagenes exhibited differential abundance at week 12 in the 

placebo group, whereas 17,991 changed in the fibre supplemented group (FDR ≤ 0.05). When sex 

was included as a covariate in the model, the number of genes with differential abundance changed 

notably. Thus, a total of 897 genes changed in abundance at week 12 with 415 (46%) over-

represented, and 11,881 changed in the fibre supplemented group with 6,753 (57%) over-

represented. Theup- and down-represented genes identified in both intervention groups (placebo 

and fibre) considering time x sex variables, using the KO (KEGG orthology) annotation tool were 

subject to a Venn analysis to distinguish singular features in each subgroup. In the placebo group, KO 

gene categories over-represented at week 12 were those participating in metabolic pathways 

involving the alanine, aspartate and glutamate metabolism (ko00250), and quorum sensing 

(ko02024). By contrast, down-presented genes were dedicated to vitamin and cofactor biosynthesis 

such as riboflavin (M00125), Coenzyme-A (M00120), and menaquinone (M00116) in the placebo 

group. 

In the fibre group a wide set of genes linked to the biosynthesis of inosine monophosphate 

(M00048), histidine (M00026), heme and siroheme group (M00121, M00847, and M00846), 

ornithine (M00028), lysine (M00016, M00525, M00527), chorismate (M00022), tyrosine (M00040), 

tryptophan (M00023), phenylalanine (M00024), NAD (M00115), polyamines (M00133), and fatty 

acids (M00082, M00083) were boosted after intervention. Moreover, in this wide repertoire of over-

represented genes, we also found traits dedicated to vitamin biosynthesis (cobalamin - M00122, 

pantothenate -M00119, and pyridoxal - M00124), glycosaminoglycan degradation (e.g. heparin 

sulfate – M00078, chondroitin sulfate – M00077, keratan sulfate – M00079, and dermatan sulfate – 

M00076), sulfate metabolism (M00596, M00176, M00616), O-glycan biosynthesis (M00872), GABA 

biosynthesis (M00027, M001396, M00135), and propanoate metabolism (M00741). Conversely, the 

presence of genes linked to KDO2-lipid A biosynthesis (M00060, M00866, M00867) as well as to the 

biosynthesis of phosphatidylethanolamine (M00093) and biotin/pimeloyl-ACP (M00577, M00123, 

M00573, M00572), and citrate metabolism (M00173, M00009, M00011, M00010) was attenuated as 

a consequence of fibre supplementation. All in all, taxonomy differences among treatments 

explained roughly the 37% of functions altered, and most of the metagenes detected to be altered 

were assigned to "unculturable" bacteria. 

Impact of CRD and fibre supplement on faecal and plasma lipid profiles 
The concentration of eighteen primary and secondary bile acids in faeces and plasma samples were 

assessed, including the cholic and chenodeoxycholic acids (CA and CDCA, respectively) and their 

main taurine and glycine derivatives. We found no meaningful influence of age, baseline-BMI and 

gender on the concentration of faecal BAs. We found that CRD induced important changes across 

different BAs analysed. Among the BAs with more noticeable changes, we found HDCA (log2-FC = -

0.93 in average, Wilcoxon Signed test = 264, p < 0.001), UDCA (log2-FC = -0.82, Wilcoxon Signed test 

= 778, p = 0.016), and DCA (log2-FC = -0.52, Wilcoxon Signed test = 768 p < 0.001), which were 

decreased at week 12 of the CRD as a whole (Figure 3A). LCA concentration exhibited a profound 
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decrease in the fibre supplementation group (-108.3 nmol/g dry feaces in average, Wilcoxon Signed 

test = 128, FDR = 0.001) compared to the placebo group (-55.9 nmol/g dry feaces in average, 

Wilcoxon Signed test = 271, FDR = 0.157) and was more deeply attenuated in women (Wilcoxon 

Signed test = 41, FDR < 0.0001) than in men (Figure 3B). No changes in faecal acetate, propionate 

and butyrate concentration were identified by LMM.  

The plasma BA concentration showed no differences after CRD. Nonetheless, age and sex influenced, 

to some extent, the plasma BA levels conversely to what found in faecal samples. Thus, age was 

positively associated with increased LCA and GDCA plasma concentrations (log10 variation = 1.42 

and 1.09, Kendall’s tau = 0.19 and 0.13, p = 0.007 and 0.041, respectively) (Figure 3C). On the other 

hand, men showed lower plasma levels of TDCA (men = 16.2 nM versus women = 37.1 nM, Wilcoxon 

Rank test = 3905, p < 0.001) and GDCA (men = 201.9 nM versus women = 111.9 nM, Wilcoxon Rank 

test = 3743, p < 0.003) (Figure 3D). According to the LMM model analysis, we also identified positive 

correlations between baseline-BMI and eleven plasma BAs (GUDCA, GDCA, GCA, GCDCA, TUDCA, 

TCDCA, TDCA, TCA, GLCA HDCA, and DCA, p < 0.05) of the eighteen primary and secondary BAs 

evaluated. The strongest association was disclosed with GUDCA levels (log10 variation = 4.37, p < 

0.001), which was also evidenced by rank based correlations calculating Kendall's coefficient ( = 

0.25, p < 0.001) (Figure 3E). The global impact of baseline BMI on BAs was further evidenced by its 

correlation with total BAs in plasma (tau = 0.21, p < 0.001) (Figure 3E). We measured no SCFAs 

concentration in plasma samples. 

Associations between lipidomic and other data from CRD regime indicated that total BAs in faeces 

correlated with plasma TG ( = 0.30, FDR p = 5.01-6), and the most abundant faecal SCFAs (acetate, 

propionate, and butyrate) correlated with Bristol scoring ( = 0.31, 0.32, and 0.30, respectively, FDR 

p < 0.001). Besides, we noticed that different mOTUs were negatively correlated with the most 

abundant SCFAs. Thus, different Clostridial species (meta_mOTU_v2_6197 [unknown Clostridiales], 

meta_mOTU_v2_6261 [unknown Clostridiales], and meta_mOTU_v2_7765 [Clostridium sp.]) 

exhibited negative associations with faecal acetate, propionate, and butyrate ( = -0.30 to -0.43, FDR 

p < 1.50-4 for all comparisons). Contrarily, plasma BA concentrations showed correlations with a few 

bacterial species. For example, with CDCA negatively correlated to Pseudoflavonifractor capillosus 

(ref_mOTU_v2_4206) ( = -0.30, FDR p = 2.17-4) and Ruminococcus gnavus (ref_mOTU_v2_0280) 

positively correlated to HDCA and total secondary BA ( = 0.33 and 0.30, FDR p = 3.42-5 and 6.47-4, 

respectively). 

Integration of multivariate data 
A PLS-DA analysis helped to discern additional features that simultaneously predicted sex variability. 

In general, faecal propionate, lean body mass (LBM), and meta_mOTU_v2_6808 (unknown 

Clostridiales) positively correlated to one another and were in higher proportions in men than in 

women (AUROC = 0.740, p = 0.005) (Figure 4A). Such integrative model of analysis enabled us to 

identify a relevant interaction between fecal lipidomics, metagenomics, and clinical data making 

distinguishable the response of the fibre group (Figure 4B). Particularly, the component-3 of the 

model was able to distinguish single features from lipidomics and metagenomics data such as faecal 

propionate (AUROC = 0.742, p = 5.82-6) and ref_mOTU_v2_1074 (P. distasonis, AUROC = 0.758, p = 

1.31-6), which substantially increased in the fibre group at week 12 of treatment (Figure 4C). On the 

other hand, the study of time x sex and supplement x sex interactions retrieved sex-associated 

differences previously detected in clinical variables such as LBM, VAT, ALAT, energy intake, and WC 
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at different time points (AUROC = 0.774, p = 7.27-8) and their different gut microbiota response after 

the intervention (AUROC > 0.710, p < 1.55-5, for all comparisons).  

As expected, the time x supplement x sex interaction model predicted a differential response to 

diets in both sexes. This response was focused on the metagenomics multivariate data that 

correlated nicely with faecal lipidomics and clinical data blocks, separately (Figure 4D). We discern 

that both the CRD and fibre led to visible changes in the gut microbiota between men and women 

(based on more than 100 mOTUs features (Figure 4E). The higher AUROC values obtained supporting 

distinction of women and men upon fibre intake at week 12 (0.799, p = 6.81-7 and 0.893, p = 1.39-5, 

respectively) explained the differential pattern of gut microbiota that fibre treatment induced in 

both of them (Figure 4E). For instance, despite that men exhibit less abundance of B. adolescentis 

(ref_mOTU_v2_1156) at baseline, this species increased above of that observed in women when 

CRD was supplemented with fibre (Figure 2B). Conversely, the model also revealed that butyrate-

producers such as Eubacterium rectale (ref_mOTU_v2_1416) and Faecalibacterium prausnitzii 

(ref_mOTU_v2_1379), and Bacteroides caccae (ref_mOTU_v2_1382) were not affected by CRD, but 

paradoxically in men supplemented with fibre (and with placebo in case of F. prausnitzii and B. 

caccae), their abundance was deeply reduced. Moreover, the ref_mOTU_v2_0036 

(Enterobacteriaceae sp.), more abundant in women than men, was diminished by the CRD in both 

sexes at week 12, but supplementation with fibre abolished such an effect and reversed the trend 

initially observed, making this species more abundant in men at week 12. 

Discussion 

The CRD decreased all anthropometric parameters related to body weight and adiposity and fibre 

supplementation provided no additional effects on those parameters despite its recognised 

protective role against obesity and chronic metabolic conditions [9]. The soluble fibre-based dietary 

strategies (from 2 to 17 weeks) seem to decrease 2.5 kg on average [35], and the CRD, according to 

our results, permits to lose weight at least two-fold more than the fibre intervention; thus, the effect 

of fibre could have been masked by CRD. The evaluation of lipid and glucose metabolism and liver 

function revealed quasi consensus results in the two study groups (fibre and placebo), confirming 

the well-recognised beneficial effects of CRD. The dietary supplementation with fibre led to a 10-fold 

higher reduction in blood pressure compared to the placebo. These results indicate that the soluble 

fibre evaluated has similar effects on blood pressure than other viscous soluble fibre, like that 

derived from oats, barley, pectin and psyllium among others [36, 37]. Our study, however, showed 

that the fibre evaluated provided greater (>2-fold) blood pressure reductions than viscous soluble 

fibre at a similar dietary dose. Dietary records showed that both intervention groups changed the 

energy intake from the same macronutrient sources similarly. Here, we explored further sex-specific 

changes in the course of the dietary intervention. In particular, changes in HC and ALAT were 

explained mostly by the deep impact of the CRD intervention on women. Moreover, men restricted 

their caloric intake almost 2-fold compared to women (~849 kcal/day and ~441 kcal/day, 

respectively), regardless the supplementation. These findings strengthened the idea of seeking 

similar sex associations across multivariate data to establish links that help understand diet-microbe-

host interactions, supporting future personalised interventions [38].  
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The shotgun DNA sequencing analysis, providing species-level resolution, revealed shifts in several 

members of the participants' gut microbiota as a result of the intervention. The LMM analysis 

showed that the abundance of several microbial species, mainly clostridia and Bacteroides species, 

was reduced by the CRD. Bacteroides species are regularly associated with adiposity and high-fat 

diets, and their abundance was proposed as a predictive biomarker for effective nutrition-based 

treatments against obesity and overweight [15]. Here, we have noticed that the abundance of at 

least three species of this complex and diverse genus was reduced by the CRD (B. cellulosilyticus, B. 

timonensis, and B. fragilis). Moreover, we pointed out that reduced abundance of B.fragilis/B. 

ovatus species (ref_mOTU_v2_1073) could predict weight loss in this trial. This result strengthens 

the associations previously established between adiposity and the abundance of Bacteroides 

species. However, we have shown previous evidence that not all Bacteroides species show adverse 

associations with adiposity and the underlying metabolic and immune alterations [39-42], and we 

recently also unveiled baseline B.fragilis/B. ovatus (ref_mOTU_v2_1073) abundance as secondary 

potential predictor (Random Forest approach) of weight loss upon AXOS intake [43]. The advanced 

supervised classification strategies applied in the present study, helped to identify the potential 

participation of specific Bacteroides species in adiposity and weight loss. This strategy could help to 

progress beyond the Prevotella-to-Bacteroides hypothesis and to define more precisely which 

specific bacterial species contribute to predicting body weight changes [15, 17].  

The abundance of Bifidobacterium adolescentis and Parabacteroides distasonis was boosted by the 

fibre supplement used in the intervention, suggesting they might play a functional role in the blood 

pressure improvements caused by the fibre intervention in the whole group. These findings confirm 

the previously known bifidogenic effect of this fibre type [44], and suggest P. distasonis as a novel 

species potentially mediating the beneficial effects of the fibre supplement together with the CRD on 

blood pressure. Closely-related species such as P. goldsteinii has shown to have fibre-mediated anti-

obesity effects in animal models and its oral administration protected against the adverse effects of 

a high-fat diet [45]. More strikingly, P. distasonis oral administration was shown to alleviate obesity 

and metabolic dysfunction in mouse model via succinate and BAs production [46]. Although an in 

vitro study suggested that Parabacteroides species produce more acetate and succinate than other 

acids (e.g. propionate, isovalerate, and formate) from selective media supplemented with 

monosaccharides [47], the metabolites produced could change under in vivo conditions with 

exposure to more complex carbon sources and microbe-microbe interactions, leading to succinate-

to-propionate conversion by cross-feeding mechanisms. For instance, both the faecal propionate 

and P. distasonis concentrations were increased after intervention with tapioca cross-linked type-IV 

resistant starch in humans [33]. In our study, the production of propionate likely mediated by the 

increased abundance of P. distasonis as a result of the fibre intake could have led to regulate blood 

pressure via interaction with Gpr41 receptors [48], as well as induce satiety and modulate glucose 

metabolism [49, 50], particularly in men according to energy intake and fasting insulin patterns 

observed. 

We also discovered differences in gut microbiota that could account for the strong sex-associated 

effects of the dietary intervention. Beta diversity analysis indicated that the microbial community 

structure of men differed from that of women at baseline and that they showed opposite responses 

to placebo or fibre supplements. While bifidobacteria increased in response to the CRD plus fibre 

principally due to changes in men, some clostridia decreased in response to the CRD plus placebo 

mainly due to changes in women. Therefore, our data analysis describes how sex-related specificities 
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of the gut microbiota can influence the dietary response, supporting more strongly that sex is a 

covariate of the human intestinal microbiota [51]. All in all, these sex-associated differences in the 

gut microbiota profiles not only would serve to define potential determinants of disease 

predisposition [52], but to better predict the impact of dietary interventions in women and men 

separately.  

On the other hand, and as expected according to the taxonomy survey, the functional analysis of the 

gut microbiome revealed sex as a strong covariate to be considered in the data analysis. 

Interestingly, although fibre does not seemed to significantly ameliorate adiposity and metabolic 

disease risk markers, except for blood pressure, gut microbiome function was deeply altered by the 

fibre supplementation and enriched in metabolic circuits, like those devoted to neurotransmitter 

biosyntheses such as GABA and aromatic amino acids metabolism (e.g. tyr, phe, trp). Moreover, fibre 

also seemed to increase the abundance of genes involved in glycosaminoglycan degradation and O-

glycosylation, which presumably explain the increase of mucin degraders bacterial species. In this 

way, these species could provide metabolic byproducts that strengthen the barrier function [53-55] 

and impede the colonisation of other harmful species able to release endotoxin, according to the 

reduced abundance of genes of the KDO2-lipid A component biosynthetic pathway in the fibre 

group. 

CRD resulted in a reduction of secondary BAs DCA, HDCA, and UDCA in faeces, which are metabolic 

products of intestinal bacteria. This suggests that some of the bacterial species reduced by the CRD 

could be involved in the production of such BAs. In fact, members of the phylum Firmicutes 

(clostridia, lachnoclostridia, and ruminiclostridia) are known to express BA hydrolases and other BA-

biotransforming genes [56-59]. Nevertheless, multiple Bacteroides species also reduced by CRD 

could play a role in modifying the concentrations of BAs since they represent an additional reservoir 

of BA-biotransforming genes [57], and have been associated with increased BA concentrations in 

animal models of high-fat diet [60]. The concentration of the faecal secondary BA, LCA, was reduced 

by the fibre supplementation only. The faecal LCA was essentially diminished in women and, 

therefore, this effect could be associated with clostridia, like C. comes or R. torques which were also 

distinctively reduced in women. 

Conversely, we found no differential profile of plasma BAs among intervention groups, but a large 

number of primary and secondary BAs were positively associated with adiposity. The results of BAs 

in faeces and the plasma correlations are concordant with a previous obesity animal study where BA 

binding resins, absorbing BAs in the intestine and interrupting their enterohepatic circulation, were 

shown to increase energy expenditure, thermogenesis, reduce serum cholesterol, and improve 

glucose tolerance and insulin [61]. In our study, strikingly, plasma TDCA and GDCA concentrations 

where correlated positively with sex (higher in women), whereas plasma LCA and GDCA correlated 

positively with age.  

We also identified an increase in faecal propionate as a consequence of the fibre supplementation, 

matching with the enrichment of propanoate metabolism genes identified in the metagenome 

analysis, which correlated to LBM and Clostridium species (probable SCFAs producers) and that were 

higher in men than women. Our results also showed improvements in fasting insulin only in men, 

which are in agreement with the effects attributed to propionate, reaching colonic cells, on 

improving glucose homeostasis [62]. Moreover, the reductions in energy intake found especially in 
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men receiving the fiber supplement are partly on line with Chambers and coworkers, describing that 

weight loss, abdominal adipose tissue reduction and less energy intake are effects of inulin-

propionate administration [62]. We inferred other sex-associated responses to the fibre 

supplementation that negatively affected ITF-degraders and butyrate-producers such as E. rectale 

and F. prausnitzii [63] only in men. We hypothesised this could be due to differences in the gut 

ecosystem that affects microbe-microbe interactions in response to the fibre intake. Since previous 

in vitro studies have shown negative interactions between several bifidobacteria species and F. 

prausnitzii [64, 65], we do not discard that some of the Bifidobacterium species boosted by the fibre 

intake negatively influence these butyrate-producers in men. 

The main limitation of our study is that it was not designed as a cross-over or a dose-response trial, 

which would better control variation among individuals; nonetheless, the sample size was large for a 

dietary intervention trial and could compensate other limitations of the study design. 

Conclusions 

Our randomised, double-blinded, two-armed parallel intervention trial analysing paired samples, to 

control idiosyncratic variation, showed that CRD exerted a deep impact on body weight, adiposity, 

metabolism, and gut microbiota of overweight participants included in this study. Moreover, the 

supplementation of the CRD with a soluble fibre reduced blood pressure of all participants and 

exerted a larger effect on women than on men linked to specific gut microbiome and metabolome 

changes. Overall, the results of our multi-omics analysis in such a valuable sample size (N = 80) 

during a mid-term intervention (3 months) support a role of sex in diet-microbe-host interactions 

which seem to strongly influence the responses to the dietary interventions. This could be of 

importance for the design of future RCTs and personalising dietary interventions to treat obesity and 

associated metabolic disease. 
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Figure legends 

 

Figure 1. Alpha and beta diversity analyses on gut microbiota. (a) Boxplot is showing distributions of 

the Simpson’s reciprocal index at week 0 (baseline) and week 12 (intervention end-point) in placebo 

(red) and fibre (blue) groups. Comparison among groups was carried out by non-parametric 

approaches (Wilcoxon test) and using paired (time) or unpaired (time x supplement) configurations 

accordingly. (b) Non-metric multidimensional scaling (NMDS) multivariate analysis of gut microbiota 

profiles of participants represented in a scatter plot fashion and showing the two most informative 

dimensions. Data points primarily discriminate samples by placebo (red) and fibre (blue) intervention 

groups, while circles (women) and triangles (men) discriminate by sex, and empty (week 0) and filled 

(week 12) symbols discriminate by time. (c) Discriminating information compiled in the NMDS2 

dimension is shown as boxplots to determine differential gut microbiota structure using supplement 

and sex variables. Statistical assessment of NMDS2 distributions was performed in a similar way than 

described in panel a. 
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Figure 2. Intervention-induced shifts on gut microbiota at the species level. (a) mOTU features 

altered as a consequence of the CRD as a whole with identification at species level. Boxplots 

indicating changes in abundance and bar plots pinpointing prevalence are shown for each of the 

species identified. Colour legend distinguish week 0 (green) week 12 (purple) time points. The p-

values resulting from LMM analysis (BMI, age and sex adjusted) are declared accordingly. (b) 

Microbial species found to be differentially abundant in the fibre group. Their respective abundance 

distributions are graphically represented as boxplots. Comparison among groups was carried out by 

pairwise non-parametric approaches (Wilcoxon test) and using an unpaired (time x supplement) 

configuration and corrected by FDR method. Colour legend is continued as in Figure 1, and it is also 

shown at the bottom of panel c, corresponding with placebo (red) and fibre (blue) groups. (c) Fold-

change (log2) graphical distribution in selected mOTU categories showing sex-associated variation 

upon the supplement x time x sex interaction. At left are shown boxplots for six mOTUs with such 

variation for women, whereas variation for men is depicted at right boxplots. Statistical comparison 

between groups was carried out by non-parametric approaches (Wilcoxon test) and an unpaired 

configuration. Green dashed frames indicate the mOTUs distinctively changing in women and men. 

Colour legend is shown at the bottom. 
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Figure 3. Alterations in bile acid faecal content. (a) Density plots of faecal content for HDCA, UDCA, 

and DCA bile acids that were decreased by the CRD as a whole. Colour legend is continued as Figure 

2 disclosing time points as week 0 (green area) and week 12 (purple area). Coloured vertical lines 

indicate the respective group medians. (b) Distribution of LCA faecal content diminished as a 

consequence of the fibre intake. The boxplot aside shows the distribution of faecal LCA 

discriminated by sex and time, indicating that fibre consumption attenuates the LCA in women 

primarily. Colour legends discriminating by time and supplement are maintained as in previous 

figures. (c) Correlations of plasma LCA and GDCA with age. The scatter plots show the linear 

correlation between log-transformed data, while statistical analysis based on Kendall's rank 

correlation (tau coefficient and p-value) is disclosed on top. (d) Boxplots displaying sex-associated 

variation in plasma TDCA and GDCA regardless of supplement and time. Colour legend by diet 

variable is in conformity with previous figures. (e) Correlations of plasma GUDCA and total BAs with 

baseline BMI. The scatter plots show the linear correlation between log-transformed data, whereas 

statistical analysis based on Kendall's rank correlation (tau coefficient and p-value) is disclosed on 

top. Comparison among groups, in panels a, b, and d, was carried out by non-parametric approaches 

(Wilcoxon test) and using paired (time) or unpaired (time x supplement, time x sex, or supplement x 

sex) configurations accordingly. 
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Figure 4. Integrative analysis of multivariate omic data. (a) Circos plot representing the correlations 

between variables of different multivariate blocks of data. The main ring shows the faecal lipidomics 

(blue), metagenomics (light brown), and clinical (coral) variables intercorrelated and associated with 

sex (Factor legend). External lines inform about the comparative abundance of respective variables 

by the discriminating factor (sex), the more external the most abundant. Internal lines represent 

positive (green) or negative (red) correlations between variables. The Circos plot is built based on a 

similarity matrix, extended to the case of multiple data sets. The correlation cut-off used to draw 

internal lines is disclosed at top. (b) DIABLO plot to check the correlation between components from 

each multivariate block of data. The design matrix informs about the discriminatory potential of all 

blocks when integrated into all possible combinations. The metagenomics and clinical data showed 

the highest correlation score, which data integration resulted in better discrimination of the fibre 

group at week 12 from the others. (c) ROC curve plots showing the performance of classification 

models based on propionate faecal content (left ROC curve) and P. distasonis (right ROC curve) to 

differentiate samples from fibre group at week 12. Colour legend is shown at the bottom, and 

statistical analysis results based on AUC (area under the curve) is declared accordingly. (d) DIABLO 

plot explaining time x supplement x sex sample variation by the three multivariate data blocks upon 

integration. Pairwise integration of metagenomics data with clinical or faecal lipidomics variables 

exhibited better performances to explain the variation associated with men, particularly after fibre 

consumption. (e) ROC curve plot describing the performance of classification models based on the 

variation of several mOTUs to differentiate samples from men allocated in fibre group. Thus 

demonstrating the distinctive effect of fibre in these participants. Colour legend is shown at the 

bottom, and statistical analysis results based on AUC (area under the curve) is shown accordingly. 
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Table 1. Effect of the CRD and either the placebo of the fibre supplementation on the clinical 

outcomes (Adapted from that described in Hess et al., 2019 (12)). 

 Fibre Placebo 
Treatment 
difference 

 
Week0 

mean ± sd 
Week12 

mean ± sd 
Delta

1
  

(p-value)
3
 

Week0 
mean ± sd 

Week12 
mean ± sd 

Delta
1
  

(p-value)
3
 

Diff
2
  

(p-value)
3
 

Body composition 

Body weight (kg) 95.5 ± 16.9
4
 89.4 ± 16.7 -6.08 (<0.001) 103.4 ± 15.8

4
 97.9 ± 15.5 -5.50 (<0.001) -0.58 (0.481) 

BMI (m/kg
2
) 32.8 ± 3.9 30.7 ± 3.9 -2.11 (<0.001) 34.3 ± 4.8 32.5 ± 4.7 -1.84 (<0.001) -0.27 (0.315) 

Waist circumference (cm) 103.9 ± 10.7
4
 98.2 ± 11.1 -5.72 (<0.001) 109.1 ± 11.9

4
 103.6 ± 12.3 -5.53 (<0.001) -0.18 (0.861) 

Hip circumference (cm) 117.1 ± 9.2 112.1 ± 9.4 -5.07 (<0.001) 118.5 ± 9.9 113.9 ± 9.9 -4.53 (<0.001) -0.53 (0.596) 

Sagittal height (cm) 25.0 ± 2.9 23.0 ± 2.9 -1.94 (<0.001) 25.8 ± 2.8 23.9 ± 2.9 -1.96 (<0.001) 0.02 (0.937) 

Fat mass (kg) 40.4 ± 9.4 35.6 ± 9.6 -4.79 (<0.001) 42.7 ± 9.8 38.3 ± 10.4 -4.40 (<0.001) -0.39 (0.581) 

Lean body mass (kg) 51.6 ± 11.5
4
 50.6 ± 11.6 -0.94 (<0.001) 57.0 ± 11.8

4
 56.1 ± 11.5 -0.94 (<0.001) 0.01 (0.459) 

Visceral adipose tissue (kg) 1.68 ± 0.82 1.33 ± 0.65 -0.35 (<0.001) 2.16 ± 1.15 1.79 ± 1.02 -0.37 (<0.001) 0.02 (0.634) 

Fat percentage (%) 42.7 ± 6.7  40.0 ± 7.3 -2.72 (<0.001) 41.7 ± 7.4  39.3 ± 8.1 -2.36 (<0.001) -0.37 (0.447) 

Lipid metabolism 

Total cholesterol (mmol/L) 5.19 ± 0.85 4.92 ± 0.89 -0.27 (0.016) 5.27 ± 1.00 4.96 ± 0.92 -0.31 (<0.001) 0.04 (0.973) 

HDL (mmol/L) 1.31 ± 0.27 1.23 ± 0.25 -0.09 (0.008) 1.29 ± 0.33 1.26 ± 0.34 -0.03 (0.136) -0.06 (0.065) 

LDL (mmol/L) 3.22 ± 0.79 3.08 ± 0.79 -0.14 (0.069) 3.28 ± 0.94 3.11 ± 0.79 -0.17 (0.008) 0.03 (0.878) 

Tryglicerides (mmol/L) 1.44 ± 0.60 1.36 ± 0.70 -0.08 (0.264) 1.54 ± 1.18 1.29 ± 0.69 -0.24 (0.059) 0.16 (0.693) 

Glucose metabolism 

Glucose (mmol/L) 5.79 ± 1.24 5.44 ± 0.37 -0.35 (<0.001) 5.75 ± 0.62 5.59 ± 0.43 -0.16 (0.006) -0.18 (0.456) 

Insulin (pmol/L) 117.5 ± 83.3 104.9 ± 73.9 -12.6 (0.053) 103.0 ± 53.6 81.2 ± 47.9 -24.2 (<0.001) 11.57 (0.139) 

HbA1c (mmol/mol) 46.3 ± 8.8 45.3 ± 3.4 -0.96 (1.000) 45.6 ± 3.9 45.6 ± 3.8 -0.01 (0.722) -0.95 (0.794) 

HOMA-IR 5.20 ± 4.08 4.28 ± 3.12 -0.92 (0.220) 4.52 ± 2.72 3.43 ± 2.12 -1.09 (0.046) 0.17 (0.124) 

Inflammatory markers 

hsCRP (mg/mL) 3.75 ± 5.07 3.64 ± 7.95 -0.11 (0.002) 5.47 ± 9.13 4.79 ± 6.00 -0.67 (0.195) 0.56 (0.356) 

ASAT (U/L) 27.4 ± 12.9 22.7 ± 8.8 -4.62 (<0.001) 27.8 ± 15.5 25.1 ± 12.5 -2.71 (0.035) -1.91 (0.163) 

ALAT (U/L) 32.7 ± 18.9 23.5 ± 10.7 -9.20 (<0.001) 36.2 ± 32.2 27.6 ± 15.2 -8.56 (0.001) -0.64 (0.396) 

Blood pressure 

Systolic (mmHg) 125.8 ± 17.3 119.6 ± 15.8 -6.23 (0.001) 124.5 ± 13.6 123.7 ± 14.8 -0.77 (0.476) -5.47 (0.014)
5
 

Diastolic (mmHg) 84.6 ± 12.0 80.5 ± 10.9 -4.09 (<0.001) 81.9 ± 9.3 81.4 ± 8.8 -0.49 (0.460) -3.60 (0.021)
 5

 

Pulse (beats per min) 64.7 ± 9.1 61.7 ± 7.9 -3.04 (0.013) 63.5 ± 9.6 61.1 ± 8.8 -2.35 (0.014) -0.68 (0.069) 

Energy intake 

Calories (kcal/day) 2173 ± 588 1642 ± 433 -524 (<0.001) 2365 ± 776 1730 ± 475 -635 (<0.001) 110 (0.558) 

Protein E% 17.8 ± 3.1 20.5 ± 3.0  2.7 (0.003) 18.1 ± 4.5 20.8 ± 4.3 2.8 (0.002) -0.14 (0.794) 

Fat E% 35.0 ± 5.2 30.8 ± 4.4 -4.2 (0.008) 35.8 ± 6.0 32.4 ± 5.0 -3.4 (0.002) -0.65 (0.634) 

Carbohydrates E% 45.5 ± 5.8 47.2 ± 6.2 1.76 (0.205) 44.4 ± 6.5 46.2 ± 6.5 1.73 (0.156) 0.04 (0.823) 

Fibre (g/day) 23.1 ± 7.5 17.6 ± 4.2 -5.5 (<0.001) 24.0 ± 9.8 17.5 ± 5.6 -6.5(<0.001) 1.16 (0.940) 

Starch (g/day) 79.9 ± 26.4 68.9 ± 26.9 -11.0 (0.002) 87.1 ± 29.9 68.5 ± 8.0 -18.6 (<0.001) 7.59 (0.291) 

Other 

Breath hydrogen (ppm) 10.5 ± 9.1 13.4 ± 12.9 2.90 (0.234) 9.2 ± 8.3 8.8 ± 7.6 -0.3 (0.701) 3.22 (0.540) 

Physical activity (CPM) 624 ± 173 605 ± 162 -19 (0.755) 616 ± 151 626 ± 135 38 (0.542) -57 (0.091) 

Daily stools (frequency) 1.41 ± 0.54 1.63 ± 0.94 0.22 (0.756) 1.46 ± 0.77 1.46 ± 0.83 0.00 (0.710) 0.22 (0.478) 

Stool consistency (Bristol) 4.20 ± 0.94 4.11 ± 1.07 -0.09 (0.756) 3.53 ± 1.14 3.64 ± 0.63 0.11 (0.672) -0.20 (0.919) 

1 Delta was established as week 12 minus week 0 values. 

2 Difference was defined as the averaged delta of week 12 values (fibre - placebo) and the statistical 
tests were executed to compare deltas' distributions. 

3 p-values were computed with t-test or Wilcoxon Signed Rank test for paired samples according to 
normality test results (Shapiro-Wilk). 

4 Differences between groups at baseline are highlighted in italics and underscored numbers (p < 
0.05). 
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5 Differences in response (difference of delta values) between groups is highlighted in underscored 
and bold numbers (p < 0.05). 

CPM: counts per minute, Diff: difference, HbA1c: glycosylated haemoglobin A1c, HOMA-IR: 
homeostatic model assessment of insulin resistance, hsCRP: high-sensitive C reactive protein, ppm: 
parts per minute, sd: standard deviation. 

  



www.mnf-journal.com Page 28 Molecular Nutrition & Food Research 

This article is protected by copyright. All rights reserved. 

Graphical abstract 

The caloric restriction regime (~500 kcal/day) during 12 weeks exerts profound changes in adiposity 

and gut microbiota in overweight subjects. Fibre supplementation does not provide evident further 

effects but drastically alters the gut microbiota composition and its function. Women and men 

exhibit a disparate response in terms of microbiota and metabolic parameters associated with 

health. This study describes potential diet-host-microbe interactions driving the design of 

personalised interventions. 
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