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Abstract 

The aim of this study was to assess the effects of a mixture of four dietary fibers on obese rats. Four groups of male Wistar rats were fed with either 

standard chow (STD) or cafeteria diet (CAF) and were orally supplemented with either fibre mixture (2 g kg −1 of body weight) (STD + F or CAF + F groups) or 

vehicle (STD + VH or CAF + VH groups). We studied a wide number of biometric, biochemical, transcriptomic, metagenomic and metabolomic variables and 

applied an integrative multivariate approach based on multiple factor analysis and Pearson’s correlation analysis. A significant reduction in body weight, 

adiposity, HbA1c and HDL-cholesterol serum levels, and colon MPO activity was observed, whereas cecal weight and small intestine length:weight ratio 

were significantly increased in F-treated groups compared to control animals. CAF + F rats displayed a significant enhancement in energy expenditure, 

fat oxidation and fresh stool weight, and a significant reduction in adiponectin and LPS serum levels, compared to control group. Animals in STD + F group 

showed reduced serum LDL-cholesterol levels and a significant reduction in total cholesterol levels in the liver compared to STF + VH group. The intervention 

effect was reflected at the metabolomic ( i.e. , production of short-chain fatty acids, phenolic acids, and amino acids), metagenomic ( i.e. , modulation of 

Ruminococcus and Lactobacillus genus) and transcriptomic ( i.e. , expression of tight junctions and proteolysis) levels. Altogether, our integrative multi-omics 

approach highlights the potential of supplementation with a mixture of fibers to ameliorate the impairments triggered by obesity in terms of adiposity, 

metabolic profile, and intestinal health. 
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1. Introduction 

Obesity is defined as an abnormal or excessive body fat accu-

mulation that may impair health and is considered a major risk

factor for many chronic diseases, including metabolic syndrome

(MetS). MetS is a pathologic condition composed of a constella-

tion of risk factors including central obesity, insulin resistance, sys-

temic hypertension, and atherogenic dyslipidemia. These interre-

lated conditions can lead to a prothrombotic and pro-inflammatory

state, commonly associated with accelerated atherosclerosis and

increased risk of cardiovascular disease, among others. Among

noncommunicable diseases, MetS and obesity are major health

hazards worldwide and leading causes of mortality and morbidity

[ 1 , 2 ]. 

Obesogenic high-calorie, low-fiber diets are considered one of

the principal risk factors for obesity and MetS. Therefore, diet is

among the most important modifiable behaviors for the preven-

tion and amelioration of these multifactorial disorders. Indeed, di-

etary fiber intake is suggested to prevent diet-induced obesity and

to lower the risk of MetS [ 3 , 4 ], having a direct impact on in-

sulin resistance, glucose tolerance and weight control, while serv-

ing as a rich source of antioxidant and anti-inflammatory nutrients

[5] . Moreover, fiber is well known to promote healthy gut micro-

biota composition, which can in turn modulate the host response

to diet [3] . However, the available evidence suggests that dietary

fiber consumption is associated only with small improvements in

body weight, and the effects in terms of changes in body composi-

tion and fat mass are not conclusive [6] . Given their main proper-

ties ( i.e. , viscosity, water solubility and fermentation rate), dietary

fibers can be classified into different groups. For instance, inulin

and resistant starch are defined as nonviscous, soluble, and fer-

mentable fibers, whereas guar gum is a viscous, soluble and fer-

mentable fiber. These properties determine the health effects of di-

etary fiber through its ability to be fermented by the intestinal mi-

crobiota and produce a prebiotic effect, to induce mechanical and

laxative effects and, therefore, to regulate digestive function, and

to reduce nutrient absorption in the intestine [7] . 

In such multifactorial disorders as obesity and MetS, it is funda-

mental to combine multidimensional data to get a comprehensive

picture of the effects elicited by dietary interventions, describing

intrinsic factors ( e.g. , genetics, gut microbiome), extrinsic factors

( e.g. , diet) and their interconnections. The combination of multi-

omics techniques, therefore, is a powerful strategy for broadening

the current understanding of MetS alterations and the beneficial

effects of these treatments. 

The aim of this work was to evaluate the effect of an interven-

tion with a fiber mixture comprising 36% inulin, 31.5% hydrolyzed

guar gum, 22.5% resistant maltodextrin, and 10% dehydrated plum

on an obese metabolic phenotype. To this end, rats with diet-

induced obesity [8] were fed with a dose of fiber equivalent to hu-

man daily consumption [9] . The effects produced by the treatment

were widely investigated, taking into consideration biometric, bio-

chemical, transcriptomic, metagenomic, and metabolomic data, and

using integrative multivariate statistical techniques. 

2. Materials and methods 

2.1. Animals, diets, and treatments 

The Animal Ethics Committee of Rovira i Virgili University

(Tarragona, Spain) and the Generalitat de Catalunya approved all

the procedures (reference number 9823 of the Generalitat de

Catalunya). The experimental protocol adhered to the “principles

of laboratory animal care” and was carried out in accordance with

the European Communities Council Directive (86/609/CEE). 
The animals used in this study were 4-week-old male Wis-

tar rats (Envigo, Barcelona, Spain) housed singly at 22 °C for a

light/dark period of 12 h (lights on at 8 AM) and with free access

to food and water. All animals were subjected to a 4-day adap-

tation period in which they voluntary consumed 200 µL of di-

luted low-fat condensed milk from a feeding syringe. After that,

the rats were randomly distributed into four experimental groups

( n = 10) depending on the diet and the oral treatment received

over 8 weeks: the STD + VH group was fed with a standard chow

diet (STD, 2018 Teklad Global 18% Protein Rodent Diet, 3.1 kcal

g −1 ; Envigo, Barcelona, Spain) supplemented daily with 2 g kg −1

of body weight of maltodextrin dissolved in diluted low-fat con-

densed milk, which was diluted 1:4 with water (vehicle, VH); the

STD + F group was fed with STD supplemented daily with 2 g kg −1

of body weight of a combination of fibers (F) dissolved in di-

luted low-fat condensed milk; the CAF + VH group was fed with

an obesogenic cafeteria diet (CAF) supplemented daily with 2 g

kg −1 of body weight of maltodextrin dissolved in diluted low-fat

condensed milk; and the CAF + F group was fed with CAF supple-

mented daily with 2 g kg −1 of body weight of the F dissolved

in diluted low-fat condensed milk. The CAF diet was prepared as

previously described [8] . The F treatment consisted of a mixture

of four different natural components, comprising 36% inulin, 31.5%

hydrolyzed guar gum, 22.5% resistant maltodextrin, and 10% dehy-

drated plum (Laboratorios Ordesa S.L., Barcelona, Spain). This treat-

ment contained a total of 78% of fibers, of which 75% were fer-

mentable, while the remaining 22% was mainly composed of other

carbohydrates ( e.g. , glucose, sucrose). Given an average rat’s weight

of 270 g, the dose of 2 g kg −1 day −1 of the F is equivalent to the

daily consumption of 22.4 g of fiber by a 60 kg human [9] . In most

countries, the recommended daily intake of dietary fiber is 25–35

g [10] , so the dose of F used in this study can be considered ac-

ceptable for human consumption. 

The body weight and food intake data were recorded once a

week. In the seventh week of the study, the animals were housed

in metabolic cages (3700M071 model for rats from 150 g to 300

g, Panlab, Barcelona, Spain) to collect urine for a period of 24-h in

fasting conditions. Urine samples were stored at -80 °C in tubes

containing 270 mg of boric acid. In the eighth week of the study,

rats were fasted for seven hours and were subjected to an oral glu-

cose tolerance test (OGTT) following a previously described proce-

dure [11] . 

After eight weeks, the animals were deprived of food for 6

hours (from 8 h to 14 h), anaesthetized with sodium pentobar-

bital (Merck Life Science, Madrid, Spain), and blood was collected

through cardiac puncture. Serum and plasma were obtained from

blood samples by centrifugation and were stored at -80 °C un-

til further analysis. PBMCs were obtained as previously described

[12] and PBMC pellets were stored at -80 °C until obtaining RNA.

White adipose tissue depots (retroperitoneal-RWAT, inguinal-IWAT,

mesenteric-MWAT and epididymal-EWAT), the liver, small intes-

tine, colon, and cecum (with the contents) were rapidly removed

after death, weighed, frozen in liquid nitrogen and stored at -80 °C
until further analysis. The length of the small intestine and colon

were recorded as measures related to inflammation. 

2.2. Serum, plasma, and tissue biochemical analysis 

Biochemical analyses of serum, liver, and colon samples were

performed using the methodology described in the Supplemen-

tary Material file. The homeostasis model assessment-estimated in-

sulin resistance (HOMA-IR) index was calculated following the for-

mula proposed by Matthews [13] . Additionally, the insulin sensi-

tivity was assessed by the revised quantitative insulin sensitivity
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check index (R-QUICKI), using the formula described by Perseghin

[14] . 

2.3. Adiposity 

The adiposity level of each animal was determined via an adi-

posity index computed as the sum of the RWAT, IWAT, MWAT, and

EWAT depot weights or, in the case of the visceral adiposity in-

dex, the sum of the RWAT, IWAT, and EWAT depot weights, and

expressed as a percentage of total body weight. 

2.4. Body composition analysis 

Lean, fat and total water measurements (in percentage of body

weight) were performed three times for each animal during the

study – at baseline, at 4 weeks and before sacrifice – by quantita-

tive magnetic resonance using an EchoMRI-700 device (Echo Med-

ical Systems, L.L.C., Houston, TX, USA) [ 11 , 13 , 14 ]. 

2.5. Indirect calorimetry and locomotor activity 

The OxyletPro system (Panlab, Barcelona, Spain) was used to

evaluate the animals’ physical activity and respiratory metabolism.

The measurements were performed during weeks five and six of

the study for 23 h (from 9 h to 8 h of the following day). Data

collected during the first 4 h were discarded, established as an ac-

climatation period, which finally corresponded to a record of 19 h

per animal. During the first few hours (from 12 h to 17 h), the an-

imals were left with water but without food to obtain the basal

metabolism values (fasting; basal oxidation of carbohydrates and

lipids). At 17 h, each animal was fed with the corresponding diets

(STD or CAF) to obtain the values under ad libitum conditions. This

procedure has been described by other authors previously [15] . Lo-

comotor activity was also measured as previously described [8] . 

2.6. Fecal analysis 

During the last week of the study, the frequency, weight and

water content of the animals’ feces were measured over a 24-h

period. During the first 2 h, fresh feces were collected and quan-

tified for consistency and water content measurements. The qual-

itative appearance of the fresh feces was evaluated using a three-

point scale: normal, semi-solid, and diarrhea [16] . Water content

was determined as the weight difference between fresh and dry

stools obtained after a 24-h period at 70 °C, with the result being

expressed as the percentage of fresh feces. 

The same 24-h fecal samples were used for lipid absorption

analysis. Fecal lipid content was analyzed using a gravimetry pro-

tocol described previously [17] . Lipid absorption was calculated

from the total lipid content values in feces normalized for animals’

lipid consumption with the results expressed as percentages. 

2.7. Multi-omics analysis of serum, urine, cecum, and PBMC samples 

Quantitative large-scale metabolomics analyses of serum and

urine samples were conducted following the methodology de-

scribed elsewhere with slight modifications [18] . 1 HNMR metabolic

profiling analysis was performed following the procedure de-

scribed by Palacios-Jordan et al. [19] . Detailed information about

the metabolomic, transcriptomic and metagenomic methodologies

employed in this study can be found in the Supplementary Mate-
rial file.  
2.8. Statistical analysis 

All the data showed throughout the work are expressed as

mean ± SEM. The Grubbs test and principal component anal-

ysis (PCA) were used to detect outliers, which were discarded

for subsequent analyses. The homoscedasticity among groups was

assessed using Levene’s test, and when this condition was not

accomplished, data were transformed to a base-10 logarithm

to obtain similar variances before statistical testing. Variables

within each data set ( i.e. , biometrical/biochemical variables, NMR

serum metabolomics, LC/MS serum metabolomics, LC/MS urine

metabolomics, metagenomics) were compared among the exper-

imental groups by using two-way analysis of variance (ANOVA),

considering the diet (D: STD or CAF), the treatment (T: VH or

F) and their interaction (D × T). For significant D × T interac-

tions, Fisher’s LSD post hoc and Student’s t-tests were performed

two-to-two among the different groups. The temporal evolution of

some of the variables were analyzed by repeated-measures (RMs)

ANOVA, with time as a within-subject factor and diet or treatment

as a between-subject factor. All these statistical analyses were per-

formed using the statistical software package SPSS Statistics 22

(SPSS Inc., Chicago, IL, USA). P -values < .05 were considered sta-

tistically significant. 

For transcriptomic data analysis, sparse partial least squares dis-

criminant analysis (sPLS-DA) using mixOmics package [20] was

employed to select those genes with the greatest differences in

expression between the two groups analyzed and with the great-

est importance in component 1. The GeneSCF program ( http://

genescf.kandurilab.org/documentation.php ) was then used to an-

alyze which processes or metabolic pathways were most repre-

sented by the genes that showed the greatest differences in ex-

pression between groups, employing Fisher’s exact test with vari-

ous corrections for multiple comparisons. From the list of 200 se-

lected genes, only those with a gene name or EntrezGeneID code

were finally selected. The EntrezGeneID was used to search the

Rattus norvegicus KEGG metabolic database (rno code in the KEGG

database). To calculate the statistical parameters, 20,0 0 0 back-

ground genes were used. 

Afterwards, multiple factor analysis (MFA) was performed for

integrating all data sets with the aim of exploring the contribu-

tion of the different variables to the effects provoked by the treat-

ment. MFA was performed by using only significant variables ac-

cording to two-way ANOVA results for removing non-informative

variables to sharpen the separation between the study groups. The

MFA models were graphically displayed by plotting the projec-

tions of the variables (biometrical and biochemical; UHPLC-MS/MS

metabolomics on serum and urine; NMR metabolomics on serum;

metagenomics on family, genus and phylum levels; and transcrip-

tomics) and samples ( i.e. , group label) onto the bidimensional

space defined by the first two dimensions. Finally, Pearson corre-

lations were computed on significant variables ( P -values < .05) to

search for associations between metabolomics, metagenomics and

biometrical/biochemical variables. Considering the differential im-

pact of F treatment in STD- and CAF-fed animals, correlation analy-

ses were conducted separately in each of the two diet groups. Cor-

relations with P -values ≤.01 were considered significant and were

graphically represented. All the data were normalized by means of

log transformation and Pareto scaling prior to carrying out these

statistical analyses using the R software packages FactoMineR and

Factoextra ( http://www.r-project.org ). 

3. Results and discussion 

In this study, we evaluated the effect of a mixture of fibers with

a high content of fermentable fibers (F), using a daily dose extrap-

http://genescf.kandurilab.org/documentation.php
http://www.r-project.org
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Fig. 1. Summary of multiple factor analysis (MFA) results. Scatter plots showing the projection of individual animals from the four study groups ( i.e. , STD + VH, STD + F, CAF + VH, 

CAF + F) in the space defined by the first two dimensions, using the significant variables according to two-way ANOVA (A). Variable representation plots showing the projection 

of the different data sets ( i.e. , biometrical/biochemical, NMR serum metabolomics, LC/MS serum metabolomics, LC/MS urine metabolomics, transcriptomics, metagenomics) in 

the space defined by the first two dimensions, using the significant variables according to two-way ANOVA (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

olated to humans, on obesity and related disorders. Furthermore,

we investigated the mechanisms and metabolic pathways poten-

tially involved in the effects elicited by this intervention by means

of the measurement of a wide number of biometric and biochem-

ical parameters, the use of a multi-omics approach and their inte-

gration through multivariate analysis. 

3.1. Multi-omics data integration 

MFA modelling provided clear differentiation between CAF and

STD groups along the first dimension, whereas F supplementa-

tion induced the separation of F-fed and VH-fed animals along

the second dimension mainly in the CAF group ( Fig. 1 A). Overall,

this is in line with the more pronounced response to the F treat-

ment observed in CAF-fed animals, which could be understood as

an adaptative mechanism to counteract the alteration of energy

homeostasis produced by CAF consumption [ 8 , 17 , 21 ]. The variable

representation plot ( Fig. 1 B) evidenced that biometrical and bio-

chemical variables together with metabolomic data were the ma-

jor drivers in the multivariate differentiation of the four study

groups. Metagenomic variables also had a significant impact on the

two first MFA dimensions, whereas the contribution of transcrip-

tomic data was minor. Afterwards, Pearson’s correlation analyses

were conducted to investigate the association among the most sig-

nificant variables according to two-way ANOVA and MFA results

( Figs. 2 and 3 ). Altogether, this integrative multi-omics analysis en-

abled us to comprehensively elucidate the molecular mechanisms

and biological pathways influenced by the F intervention, as de-

tailed in the following sections. 

3.2. F supplementation promotes a healthier body composition and 

metabolic profile 

The results showed a clear reduction of body weight as a result

of F treatment, with decreases of 11% and 6% in body weight gain

in the STD + F and CAF + F groups, respectively ( Table 1 ). In addition,

a reduction in relative and absolute weights of EWAT depot and in

absolute weight of MWAT depot was observed ( Table 1 ), without

affecting the ener gy intake of the animals (Supplementary Fig. 1).
Furthermore, although no significant differences were observed re-

garding the percentage of fat mass, lean mass, lean mass:fat mass

ratio or body water content during the intervention in either di-

etary group ( Fig. 4 A, 4 C–E), F treatment significantly reduced the

fat mass of the animals at the end of the study, with decreases of

6% and 16% in the STD + F and CAF + F groups, respectively ( Fig 4 B).

In fact, F treatment significantly decreased the adiposity index and

showed a clear tendency (two-way ANOVA, P = . 05 for T) to reduce

the visceral adipose index of the animals ( Table 1 ). These results

are relevant since excessive visceral adipose tissue accumulation

has been shown to be closely related to the appearance of cardio-

vascular diseases, type 2 diabetes and increased mortality risk [22] .

Interestingly, the body weight gain of the animals was positively

correlated with MWAT depot, adiposity index and body fat mass

( Fig 2 ), reinforcing the hypothesis that F treatment reduces body

weight through a decrease of body fat in animals. This F-mediated

enhancement of the body composition profile, without a significant

reduction in energy intake, has been previously described by dif-

ferent authors in both animal and human studies [ 7 , 23 ]. Moreover,

our results concur with several studies suggesting that fermentable

fiber consumption produces a change in body fat distribution to-

wards a healthier profile [7] . 

Leptin and adiponectin are considered plasma biomarkers of

adipose tissue functionality, which are produced at levels propor-

tional to the body fat content [21] . In this sense, agreeing with

the observed F effect on fat reduction in CAF-fed animals, F treat-

ment produced a global tendency to decrease the circulating lev-

els of leptin (two-way ANOVA, P = . 08 for T) and a significant de-

crease of adiponectin serum levels in CAF-fed animals (Student’s

t-test, P ˂ . 05) compared to animals treated with vehicle ( Table 1 ).

Contradictory results can be found in the literature in this regard,

since various authors have reported that soluble fiber consumption

is associated with an increase in adiponectin levels [24] , whereas

other studies did not detect any effect of fermentable fiber on this

biomarker [25] . It is important to highlight that serum adiponectin

levels relative to the adipose tissue mass did not differ as a result

of the intervention ( Table 1 ), thereby indicating an effective pro-

duction of adiponectin by adipose tissue [26] . 

In transcriptomics analysis, significant differences were ob-

served in several metabolic pathways in CAF fed animals, but not
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Fig. 2. Network representation of the associations between biometrical/biochemical parameters as a result of F treatment in animals fed the STD diet (A) and the CAF diet (B). 

Pearson correlations were computed on significant variables and significant correlations ( P -value ≤.01) were represented. Positive correlations are shown in blue and negative 

correlations in red. The thickness of the line refers to the value of the correlation, the correlation being greater the thicker the line. 

Table 1 

Biometric and serum concentration parameters in rats fed a standard diet (STD) or cafeteria diet (CAF) and treated with vehicle (VH) or 

fiber (F) 

STD + VH STD + F CAF + VH CAF + F ANOVA 

Initial body weight (g) 97.7 ± 2.30 99.0 ± 1.70 95.3 ± 1.70 96.5 ± 1.80 - 

Final body weight (g) 374 ± 11 344 ± 6 447 ± 17 426 ± 14 D 

� Body weight (g) 277 ± 11 245 ± 5 352 ± 16 330 ± 13 D, T 
RWAT (g) 8.02 ± 0.51 7.08 ± 0.52 19.4 ± 1.30 17.1 ± 1.30 D 

RWAT (%) 2.93 ± 0.21 2.80 ± 0.19 5.48 ± 0.19 5.12 ± 0.22 D 

IWAT (g) 4.35 ± 0.32 3.91 ± 0.17 10.4 ± 1.10 8.2 ± 0.60 D 

IWAT (%) 1.57 ± 0.09 1.55 ± 0.09 2.90 ± 0.17 2.50 ± 0.15 D 

MWAT (g) 5.24 ± 0.21 4.43 ± 0.20 10.7 ± 0.80 9.3 ± 0.80 D, T 
MWAT (%) 1.92 ± 0.10 1.76 ± 0.07 3.02 ± 0.13 2.80 ± 0.14 D 

EWAT (g) 7.57 ± 0.41 5.75 ± 0.37 17.8 ± 1.40 14.8 ± 1.40 D, T 
EWAT (%) 2.78 ± 0.18 2.29 ± 0.16 5.00 ± 0.26 4.41 ± 0.30 D, T 
Adiposity index 9.19 ± 0.49 8.54 ± 0.40 16.4 ± 0.60 14.8 ± 0.70 D, T 

Visceral adiposity index 7.63 ± 0.46 6.85 ± 0.35 13.5 ± 0.50 12.3 ± 0.60 D 

Leptin (ng/mL) 9.23 ± 0.94 8.70 ± 0.91 47.21 ± 5.76 31.98 ± 2.98 D 

Adiponectin ( µg/mL) 21.95 ± 1.56 22.49 ± 2.66 34.96 ± 2.59 24.55 ± 1.36 D, T, DxT 

Leptin:Adiponectin Ratio 0.40 ± 0.06 0.36 ± 0.04 1.36 ± 0.15 1.34 ± 0.14 D 

Adiponectin:Fat mass Ratio 0.62 ± 0.99 0.73 ± 0,20 0.35 ± 0.09 0.31 ± 0.09 D 

Wistar rats supplemented with fiber (F) or vehicle (VH) and fed a cafeteria (CAF) diet or standard (STD) diet for 8 weeks. EWAT, epididy- 

mal white adipose tissue; MWAT, mesenteric white adipose tissue; IWAT, inguinal white adipose tissue; and RWAT, retroperitoneal white 
adipose tissue is expressed as absolute weight (g) and relative weight (%), calculated according to the formula (100 ∗tissue weight/body 
weight). The adiposity index and visceral adipose index were computed as the sum of EWAT, MWAT, IWAT and RWAT depot weights (in 

grams) or the sum of RWAT, IWAT and EWAT depot weights (in grams), respectively, and expressed as a percentage of body weight. Data 
are given as mean ± SEM. D, diet effect; T, fiber treatment effect; DxT, diet-treatment interaction (Two-way ANOVA test, P < .05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

when comparing STD + VH and STD + F groups ( data not shown ). In

line with the results discussed above on the beneficial effect of F

on body weight and body fat distribution, F treatment produced a

significant change in the thermogenic pathway by decreasing the

expression levels of several related genes in PBMCs, such as NADH:

ubiquinone oxidoreductase subunit C2, protein kinase cAMP-activated

catalytic subunit beta and ATP synthase (Table S1). In this regard,

previous studies with animals have described that the consump-

tion of high-fat diets, including the CAF diet, increases the thermo-

genic capacity in an attempt to dissipate excessive energy intake

and maintain body weight energy [28] . 

3.3. The administration of F decreases locomotor activity and 

enhances energy expenditure and lipid oxidation in CAF-fed rats 

F treatment produced a significant reduction in global activity

( Fig. 5 A), which could suggest a treatment effect on anxiety and

stress, as reported in other studies [27] . No significant changes
were observed in energy expenditure analysis ( Fig. 5 B). However,

when corrected by animal activity, a significant energy expendi-

ture enhancement was found in CAF-fed animals treated with F

(Student’s t-test, P < . 05) ( Fig. 5 C). In addition, an increase in fat ox-

idation in the feeding period was observed in the CAF + F group

(Student’s t-test, P < . 05) ( Fig. 5 D), but no significant effects were

observed on carbohydrate oxidation ( Fig. 5 E) either in the CAF-fed

or STD-fed groups. These results suggest that the increased energy

expenditure seems to be due to enhanced lipid oxidation, a find-

ing that was corroborated in correlation analysis, since lipid oxida-

tion was positively correlated with energy expenditure and nega-

tively correlated with the body weight of the animals fed with the

CAF diet ( Fig. 2 B). Furthermore, in CAF-fed animals, carbohydrate

intake negatively correlated with energy expenditure corrected by

locomotor activity ( Fig. 2 B). In these animals, F treatment showed

a tendency to decrease the preference for carbohydrate consump-

tion (Student’s t-test, P = . 090) ( Fig. 5 E), which could be explained

by the noticed less intake of sweetened milk (289 ±12 mL day −1 
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Fig. 3. Network representation of the associations between metabolomic, metagenomic and biometrical/biochemical variables as a result of F treatment in animals fed the STD 

diet (A) and the CAF diet (B). Pearson correlations were computed on significant variables and significant correlations ( P -value ≤.01) were represented. Positive correlations are 

shown in blue and negative correlations in red. The thickness of the line refers to the value of the correlation, the correlation being greater the thicker the line. Label colors 

differentiate the different sets of measures: blue for biometrical/biochemical parameters; red for serum metabolomics; yellow for urine metabolomics; green for metagenomics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in the CAF + VH group vs. 242 ±13 mL day −1 in the CAF + F group,

Student’s t-test, P = . 016), the most consumed food in the CAF diet-

fed animals. According to these results [28] , F addition significantly

reduced the circulating levels of pentadecanoic acid in CAF fed ani-

mals ( Table 2 ), a marker of the intake of dairy products [28] . These

results suggest that the reduction in carbohydrate intake could me-

diate, along with the increase in lipid oxidation, the beneficial ef-

fects of F on body weight and adiposity reduction in CAF diet-fed
animals treated with F. 
3.4. F supplementation improves cholesterol metabolism and HbA1c 

blood levels 

No significant effects of F treatment were observed in CAF-fed

animals on total cholesterol, LDL cholesterol, triglyceride, or NE-

FAs blood levels, nor on lipid absorption. However, in STD-fed an-

imals, F treatment produced a tendency towards a reduction in

LDL cholesterol serum levels (Student’s t-test, P ˂ . 1) and signifi-

cantly decreased total cholesterol levels in the liver (Student’s t-
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Table 2 

Metabolomic alterations induced in serum and urine by the dietary intervention with fibres in rats fed standard diet (STD) or cafeteria 
diet (CAF). Metabolite concentrations are expressed as mean ± standard deviation ( µg L −1 for UHPLC-MS/MS measurements, nmol L −1 

for 1 H-NMR measurements) 

Metabolite STD + VH STD + F CAF + VH CAF + F ANOVA 

UHPLC-MS/MS serum 

amino acids and derivatives 

serine 485.0 ± 187.6 627.0 ± 96.2 941.5 ± 442.4 638.7 ± 116.2 T, DxT 

threonine 2932.5 ± 791.2 3655.5 ± 244.8 5002.6 ± 1371.0 3970.9 ± 1276.0 T, DxT 

proline 11064.0 ± 2556.5 11657.2 ± 1204.9 14 84 8.2 ± 3443.5 10278.9 ± 2036.1 T, DxT 

1-methylhistidine 311.8 ± 64.3 288.4 ± 90.8 356.4 ± 89.0 535.8 ± 168.4 D, T, DxT 

3-methylhistidine 1721.1 ± 516.8 2076.3 ± 372.7 1909.6 ± 748.4 2744.9 ± 940.6 T 

ergothioneine 587.1 ± 150.1 644.5 ± 121.9 261.9 ± 51.6 202.6 ± 20.8 D, T, DxT 

microbiota metabolites - aromatic amino acids 

phenyllactic acid 24.3 ± 14.3 28.2 ± 14.1 53.2 ± 45.3 23.8 ± 13.7 T, DxT 

phenylacetylglycine 191.9 ± 154.1 217.0 ± 109.6 140.5 ± 78.5 74.3 ± 31.3 D, T, DxT 

phenylacetylglutamine 5.9 ± 6.2 8.7 ± 6.2 14.8 ± 19.9 3.5 ± 2.4 T, DxT 

indolepropionic acid 785.3 ± 228.4 668.0 ± 229.2 924.1 ± 410.6 618.7 ± 575.0 T 

vitamins 

thiamine 1387.6 ± 486.5 925.0 ± 280.3 762.8 ± 134.1 935.1 ± 285.4 DxT 

riboflavin 81.3 ± 23.3 68.8 ± 13.2 62.3 ± 8.7 52.2 ± 6.6 D, T 

α-tocopherol 9620.3 ± 2186.9 6559.9 ± 2583.2 5907.9 ± 1552.7 6507.9 ± 910.7 DxT 

free fatty acids 

pentadecanoic acid ND ND 8232.5 ± 3510.4 3528.4 ± 2959.3 D, T, DxT 

amines 

adenine 16.1 ± 4.8 15.0 ± 2.5 16.4 ± 3.9 12.3 ± 2.1 T 
1 H-NMR serum 

Creatine 0.1 ± 0.004 0.13 ± 0.01 0.14 ± 0.01 0.16 ± 0.01 D, T 

Creatinine 9.25 ± 0.45 10.4 ± 0.30 10.9 ± 0.72 9.63 ± 0.60 DxT 

Phenylalanine 44.7 ± 1.38 45.4 ± 1.35 48.8 ± 1.35 42.0 ± 0.799 D, T, DxT 

Proline 0.094 ± 0.01 0.087 ± 0.01 0.112 ± 0.01 0.088 ± 0.004 T 

Glutamine 0.28 ± 0.01 0.31 ± 0.01 0.32 ± 0.01 0.27 ± 0.01 DxT 

Threonine 0.12 ± 0.01 0.13 ± 0.004 0.18 ± 0.01 0.15 ± 0.003 D, T, DxT 

UHPLC-MS/MS urine 

amino acids and derivatives 

proline 977.4 ± 304.9 791.2 ± 267.5 1212.0 ± 689.1 808.4 ± 311.8 T 

ergothioneine 514.7 ± 94.9 543.0 ± 66.3 371.2 ± 46.7 426.9 ± 57.6 D, T 

microbiota metabolites - aromatic amino acids 

phenylacetylglycine 68959.4 ± 15461.7 52043.1 ± 11411.9 40407.6 ± 12765.8 31564.8 ± 16129.9 D, T 

microbiota metabolites - phenolic acids 

3-hydroxybenzoic acid (3-HBA) 54.1 ± 48.9 47.0 ± 45.8 35.8 ± 13.3 75.8 ± 40.9 D, T, DxT 

3-hydroxybenzoic acid sulfate (3-HBA-S) 8.8 ± 7.2 9.5 ± 9.8 5.8 ± 2.6 23.0 ± 27.1 D, T, DxT 

2,4-dihydroxibenzoic acid (2,4-DHBA) 23.2 ± 8.8 18.0 ± 10.0 4.8 ± 2.1 6.9 ± 2.6 D, T, DxT 

2,6-dihydroxibenzoic acid (2,6-DHBA) 277.9 ± 96.4 226.9 ± 68.9 78.2 ± 54.5 105.3 ± 43.6 D, T, DxT 

3,4-dihydroxibenzoic acid (3,4-DHBA) 557.7 ± 1167.1 345.9 ± 339.5 349.8 ± 205.0 719.9 ± 322.0 D, T 

3,5-dihydroxibenzoic acid (3,5-DHBA) 581.7 ± 512.2 321.4 ± 171.4 116.2 ± 52.9 251.0 ± 177.8 T, DxT 

3,5-dihydroxibenzoic acid glucuronide 

(3,5-DHBA-G) 

19.6 ± 11.3 11.1 ± 6.0 5.3 ± 3.8 20.8 ± 23.7 T, DxT 

3,5-dihydroxibenzoic acid sulfate 

(3,5-DHBA-S) 

44.8 ± 13.8 34.4 ± 15.8 18.9 ± 14.0 68.1 ± 99.5 T, DxT 

hippuric acid (HA) 206091.4 ± 121497.1 204201.2 ± 57038.3 74803.0 ± 36328.0 123096.7 ± 37038.3 D, T 

3-hydroxyhippuric acid (3-HHA) 284.2 ± 327.9 255.6 ± 278.3 108.8 ± 50.4 226.1 ± 106.1 T 

vanillic acid glucuronide (VA-G) 96.4 ± 34.2 80.5 ± 30.8 77.2 ± 36.1 113.9 ± 51.3 D, T, DxT 

vanillic acid sulfate (VA-S) 270.8 ± 63.3 290.2 ± 95.7 394.2 ± 95.1 765.1 ± 712.4 D, T, DxT 

4-methylgallic acid (4-MeGA) 6.9 ± 4.4 8.9 ± 4.1 9.9 ± 4.7 21.2 ± 10.2 D, T 

3-methylgallic acid (3-MeGA) 7.9 ± 5.9 5.5 ± 2.4 5.7 ± 3.2 8.2 ± 3.5 D, T, DxT 

methylgallic acid glucuronide (MeGA-G) 5.1 ± 1.3 4.5 ± 1.8 3.2 ± 2.7 5.2 ± 2.9 T, DxT 

3,4-dihydroxyphenylacetic acid sulfate 

(3,4-DHPAA-S) 

60641.8 ± 22766.5 58082.5 ± 12291.9 38190.4 ± 6702.8 50329.4 ± 10990.4 T, DxT 

p-coumaric acid glucuronide (pCOU-G) 21.0 ± 15.0 21.0 ± 27.0 2.6 ± 5.2 7.5 ± 7.0 DxT 

m-coumaric acid sulfate (mCOU-S) 13215.6 ± 9417.5 13538.9 ± 11199.4 2705.3 ± 14 4 4.6 5234.4 ± 3643.7 D, T 

caffeic acid (CA) 64.1 ± 31.3 59.6 ± 34.4 27.7 ± 19.0 60.8 ± 22.6 T, DxT 

caffeic acid 3-sulfate (CA-3S) 20.8 ± 20.2 19.2 ± 21.5 5.3 ± 4.9 14.0 ± 14.5 T, DxT 

caffeic acid 4-sulfate (CA-4S) 32.6 ± 7.9 35.2 ± 12.9 18.5 ± 10.7 46.9 ± 49.2 T, DxT 

ferulic acid glucuronide (FA-G) 875.8 ± 825.1 1103.7 ± 1515.7 63.6 ± 172.9 104.1 ± 131.6 D, T, DxT 

ferulic acid sulfate (FA-S) 7252.5 ± 4845.7 4961.5 ± 2607.7 2058.9 ± 1412.3 2665.6 ± 1221.0 D, T, DxT 

3,5-dihydroxyphenylpropionic acid 

glucuronide (3,5-DHPPA-G) 

3393.5 ± 614.0 3028.7 ± 1162.4 1982.7 ± 1709.5 3237.2 ± 1851.9 T, DxT 

3,5-dihydroxyphenylpropionic acid sulfate 

(3,5-DHPPA-S) 

19803.8 ± 12391.2 17193.2 ± 6440.8 3424.0 ± 2187.4 5088.9 ± 1932.2 D, T, DxT 

dihydrocaffeic acid (DHCA) 105.5 ± 82.0 95.3 ± 55.1 73.0 ± 23.8 132.1 ± 67.3 T, DxT 

dihydrocaffeic acid 3-sulfate (DHCA-3S) 569.5 ± 242.5 519.0 ± 219.0 173.4 ± 68.2 319.1 ± 200.6 D, T, DxT 

( continued on next page ) 
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Table 2 ( continued ) 

Metabolite STD + VH STD + F CAF + VH CAF + F ANOVA 

dihydroferulic acid sulfate (DHFA-S) 1660.0 ± 1739.6 833.7 ± 307.2 531.8 ± 429.1 760.3 ± 475.9 DxT 

3-(hydroxyphenyl)-hydroxypropionic acid 

(3-HPHPA) 

13.8 ± 19.6 11.5 ± 17.3 6.2 ± 3.9 18.4 ± 12.9 D, T, DxT 

methylpyrogallol glucuronide (isomer 1) 

(MePYR-G1) 

27.0 ± 5.9 18.8 ± 7.8 30.8 ± 22.0 45.2 ± 25.0 D, T, DxT 

methylpyrogallol glucuronide (isomer 2) 

(MePYR-G2) 

193.1 ± 75.0 109.0 ± 63.4 124.9 ± 118.9 281.2 ± 301.0 DxT 

methylpyrogallol sulfate (isomer 2) 

(MePYR-S2) 

79.4 ± 83.4 42.5 ± 39.9 53.9 ± 29.1 145.2 ± 154.1 D, T, DxT 

catechol glucuronide (CAT-G) 283.6 ± 360.3 372.5 ± 655.6 336.9 ± 333.1 1015.0 ± 1028.6 D, T, DxT 

catechol sulfate (CAT-S) 775228.5 ± 292572.3 702821.1 ± 147289.5 323083.2 ± 112463.6 438712.1 ± 137717.0 D, T, DxT 

short chain fatty acids 

butyric acid 3980.2 ± 1442.7 4009.1 ± 1166.1 1842.5 ± 805.6 2590.6 ± 1013.5 D, T 

γ -aminobutyric acid 268.7 ± 75.9 286.3 ± 93.3 205.7 ± 89.6 288.5 ± 74.5 T 

food-related metabolites – hydroxyphenyl-valerolactones 

4-hydroxy-5-(3 ′ ,4 ′ -dihydroxyphenyl)-valeric 

acid sulfate (3,4-DHPVA-S) 

3.6 ± 6.4 5.3 ± 7.5 14.1 ± 9.5 6.4 ± 9.4 T, DxT 

5-(3 ′ ,4 ′ -dihydroxyphenyl)- γ -valerolactone 

3 ′ -glucuronide (3,4-DHPV-3G) 

ND 0.5 ± 0.9 1.8 ± 0.8 1.4 ± 1.0 D, DxT 

food-related metabolites - isoflavones 

daidzein (DAI) 1058.6 ± 505.1 706.9 ± 229.8 271.1 ± 189.8 421.5 ± 181.6 D, T, DxT 

daidzein 4 ′ -sulfate (DAI-4’S) 2504.6 ± 1692.9 1451.2 ± 648.5 737.5 ± 564.2 1200.4 ± 548.0 T, DxT 

genistein (GEN) 830.5 ± 508.1 492.5 ± 210.8 256.3 ± 204.1 345.3 ± 175.9 T, DxT 

genistein 7-sulfate (GEN-7S) 97.4 ± 137.6 29.4 ± 35.6 29.7 ± 34.6 38.6 ± 32.7 DxT 

biochanin A (BioA) 16.7 ± 15.2 6.0 ± 3.7 5.5 ± 6.0 6.9 ± 4.2 DxT 

formononetin (FOR) 3.3 ± 1.4 2.5 ± 1.4 1.5 ± 1.0 2.3 ± 0.8 T, DxT 

food-related metabolites - flavones 

luteolin (LUT) 1.4 ± 0.7 0.7 ± 0.5 0.6 ± 0.4 1.2 ± 1.1 T, DxT 

food-related metabolites - stilbenoids 

trans-resveratrol 4 ′ -glucuronide (tRSV-4’G) 16.4 ± 9.8 7.2 ± 4.7 3.0 ± 3.0 4.9 ± 2.9 DxT 

food-related metabolites - betaines 

proline betaine 3579.8 ± 857.1 3633.1 ± 938.7 812.7 ± 481.7 1159.3 ± 468.7 D, T 

trigonelline 32874.2 ± 9812.2 39288.0 ± 18354.8 551.2 ± 1743.2 2803.9 ± 3592.7 D, T, DxT 

food-related metabolites - others 

5-(hydroxymethyl-2-furoyl)glycine 

(5-HMFG) 

136.7 ± 35.8 1445.4 ± 557.0 155.5 ± 64.2 1715.5 ± 716.1 T 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

test, P ˂ . 05) ( Table 3 ). The treatment with F did not produce any

effect either on total liver lipids or on triglyceride levels either in

STD-fed groups or in CAF-fed groups ( Table 2 , 3 ). These results are

in line with other studies demonstrating that fiber consumption

produces a reduction in LDL cholesterol without affecting triglyc-

eride levels [7] . This effect could be associated with the fermenta-

tion of soluble fiber by the intestinal microbiota and the produc-

tion of short-chain fatty acids (SCFAs), which inhibit liver choles-

terol synthesis [29] , although in our study no correlations were ob-

served between serum or liver LDL levels and SCFAs in STD-fed an-

imals ( Fig. 2 A). It should be also mentioned that the CAF + F group

showed a significant increase in liver relative weight compared to

the CAF + VH group (Student’s t-test, P < . 05), while no effects were

observed between STD-fed groups. This could be due to the ob-

served reduction of body weight in F-treated groups or to factors

other than the fat content in this organ, such as increased blood

supply. In contrast, our results were not consistent with different

studies describing that fiber consumption produces either no effect

or an increase in plasma HDL cholesterol levels [7] . The reduction

of HDL cholesterol by F treatment would be a non-beneficial ef-

fect ( Table 3 ), since this cholesterol fraction is related to lower risk

of cardiovascular disease development by decreasing the risk of

atherosclerosis [30] . However, it should be borne in mind that, in

order to confirm a harmful risk of F treatment, more direct mark-

ers should be analyzed, such as endothelial function. Furthermore,

other markers associated with an increase in cardiovascular risk,

such as apolipoprotein B-100 serum levels [30] , LDLox and TBARS,

were not altered by F treatment ( Table 3 ). 
Regarding glucose metabolism, although no effects were ob-

served on glucose and insulin levels, HOMA-IR and R-QUICKI in-

dexes ( Table 3 ) or OGTT ( data not shown ) by F treatment, a signifi-

cant reduction of HbA1c, which is considered a plasmatic indicator

of long-term glucose levels, was found in both STD + F and CAF + F

groups ( Table 3 ). These results are consistent with some studies in

which soluble fiber reduced HbA1c levels in rat models of obesity

and diabetes [31] , indicating a beneficial effect of fiber on glucose

control. 

3.5. F supplementation improves intestinal health and reduces 

endotoxaemia 

CAF + F animals presented higher stool fresh weight (Student’s t-

test, P ˂ . 05), which indicates beneficial effects of F on constipation

( data not shown ). These results concur with the reported benefi-

cial effect of dietary fiber and dried plums on intestinal function

mediated by the increase of bowel movement frequency and stool

weight [ 32 , 33 ]. Furthermore, F treatment produced an increase in

cecal weight (%) in both dietary groups ( Table 4 ). This increase

has been previously allocated to a rise in epithelial cell prolifer-

ation as a result of the trophic effect of SCFAs produced during

fiber fermentation in the cecum by microbiota [34] . The length of

the intestines is considered a good indicator of intestinal inflam-

mation, as the shorter their length, the greater the intestinal in-

flammation [35–37] . In this respect, F treatment also increased the

small intestine length:weight ratio in both dietary groups ( Table 4 ),

suggesting a decrease in the inflammatory state of this tissue
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Table 3 

Serum, liver, and fecal parameters related to lipid and glucose metabolism, systemic inflammation and oxidative system in rats fed 

standard diet (STD) or cafeteria diet (CAF) and treated with vehicle (VH) or fiber (F) 

STD + VH STD + F CAF + VH CAF + F ANOVA 

Plasmatic parameters 

Total Chol (mg/dL) 108 ± 4.72 100 ± 3.53 107 ± 3.97 111 ± 5.13 - 
LDL-c (mg/dL) 45.5 ± 2.05 40.7 ± 1.55 51.3 ± 1.86 58.8 ± 4.14 D, DxT 
HDL-c (mg/dL) 97.1 ± 3.23 86.7 ± 3.37 81.1 ± 4.03 66.5 ± 2.58 D, T 
Triglycerides (mg/dL) 83.7 ± 9.11 72.8 ± 10.91 232 ± 17.62 268 ± 30.98 D 

NEFAs (mmol/L) 0.45 ± 0.06 0.38 ± 0.03 0.49 ± 0.04 0.45 ± 0.03 - 

ApoB-100 (mg/mL) 2.57 ± 0.24 2.13 ± 0.24 2.66 ± 0.22 2.52 ± 0.27 - 
LDLox (ng/mL) 20.1 ± 2.04 19.8 ± 1.80 26.8 ± 3.78 20.2 ± 0.78 - 

TBARS ( µmol/L) 13.0 ± 2.16 19.6 ± 3.24 24.3 ± 3.78 28.4 ± 2.22 D 

Glucose (mg/dL) 111 ± 2.46 105 ± 3.07 123 ± 3.13 122 ± 3.50 - 

Insulin (ng/mL) 1.02 ± 0.11 0.93 ± 0.07 1.81 ± 0.14 1.55 ± 0.17 D 

HOMA-IR 6.35 ± 0.95 6.05 ± 0.53 13.8 ± 1.18 12.4 ± 1.66 D 

R-QUIKI 0.34 ± 0.01 0.34 ± 0.01 0.29 ± 0.005 0.30 ± 0.01 D 

HbA1c ( µg/mL) 27.6 ± 1.30 21.6 ± 1.30 28.0 ± 1.10 24.6 ± 1.60 T 

MCP-1 (ng/mL) 6.30 ± 0.35 6.92 ± 0.40 8.25 ± 0.36 8.18 ± 0.15 D 

Hepatic parameters 
Liver (g) 11.4 ± 0.50 10.2 ± 0.30 14.6 ± 0.60 14.9 ± 0.40 D 

Liver (%) 4.13 ± 0.08 4.02 ± 0.09 4.05 ± 0.06 4.39 ± 0.07 DxT 
Total Lipid (mg) 382 ± 20 343 ± 18 673 ± 49 852 ± 92 D, DxT 
Lipid (mg/g) 33.7 ± 1.7 33.6 ± 1.4 49.9 ± 4.6 58.5 ± 5.3 D 

Total Chol (mg) 25.0 ± 1.5 20.8 ± 1.2 53.0 ± 7.5 70.6 ± 6.8 D, DxT 
Chol (mg/g) 2.21 ± 0.14 2.06 ± 0.12 4.19 ± 0.41 4.83 ± 0.36 D 

Total Triglycerides (mg) 62.8 ± 4.5 53.5 ± 4.2 163 ± 27 187 ± 19 D 

Triglycerides (mg/g) 5.53 ± 0.41 5.29 ± 0.40 12.5 ± 1.4 12.8 ± 1.0 D 

Fecal parameters 

Lipid content (mg/g feces) 18 ± 1.48 16.7 ± 0.46 26.8 ± 1.80 24.3 ± 2.87 D 

Lipid content (mg) 70.8 ± 7.21 58.1 ± 3.65 35.7 ± 4.70 35.5 ± 4.62 D 

Lipid absorption (g) 1.22 ± 0.05 1.13 ± 0.04 3.90 ± 0.18 4.33 ± 0.26 D 

Wistar rats supplemented with fiber (F) or vehicle (VH) and fed a cafeteria (CAF) diet or standard (STD) diet for eight weeks. Chol; 
cholesterol, NEFAS; non-esterified fatty acid, ox-LDL; oxidized low-density lipoprotein, HbA1c; glycated hemoglobin, MCP-1; monocyte 

chemoattractant protein-1. Data are given as means ± SEM. D, diet effect; T, fiber treatment effect; DxT, diet-treatment interaction (Two- 
way ANOVA test, P < .05). 

Fig. 4. Body composition parameters of rats fed a standard (STD) or cafeteria (CAF) diet and treated with vehicle (VH) or fiber (F). (A) Body fat mass evolution, (B) Body fat 

mass at the end of the study, (C) Body lean mass evolution, (D) Body water content evolution, (E) Ratio between body lean and fat mass evolution. The data are presented 

as the mean ± SEM. D, the effect of the diet; T, the effect of the fiber treatment; t, the effect of the time; txD, the interaction between time and diet; txT, the interaction 

between time and treatment (Two-way ANOVA and RMs ANOVA, P < .05). 
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Fig. 5. Indirect calorimetry and locomotor activity of rats fed standard (STD) or cafeteria (CAF) diet and treated with vehicle (VH) or fiber (F). (A) Locomotor activity. (B) 

Energy expenditure. (C) Ratio between energy expenditure and locomotor activity. (D) Lipid oxidation. (E) Carbohydrate oxidation. The data are presented as the mean ± SEM. 

D, the effect of the diet; T, the effect of the fiber treatment; DxT, the interaction between diet and treatment (Two-way ANOVA, P < .05). ∗Significantly different between groups 

(Student’s t-test, P < .05). 

Table 4 
Intestinal parameters and endotoxemia in rats fed standard diet (STD) or cafeteria diet (CAF) and treated with vehicle (VH) or fiber (F) 

STD + VH STD + F CAF + VH CAF + F ANOVA 

Cecum (g) 5.31 ± 0.38 5.78 ± 0.28 3.44 ± 0.23 3.91 ± 0.17 D 

Cecum (%) 1.82 ± 0.07 2.29 ± 0.11 0.99 ± 0.07 1.20 ± 0.06 D, T 
Intestine (cm) 120 ± 1 118 ± 1 122 ± 2 121 ± 2 - 
Intestine (cm/g) 15.5 ± 0.5 16.6 ± 0.6 13.3 ± 0.6 14.4 ± 0.4 D, T 

Colon (cm) 21.4 ± 0.4 19.4 ± 0.6 18.3 ± 0.6 18.7 ± 0.4 D, DxT 
Colon (cm/g) 14.6 ± 0.4 15.3 ± 0.6 16.0 ± 0.9 16.5 ± 0.6 - 

MPO (U/mg tissue) 0.07 ± 0.01 0.04 ± 0.00 0.05 ± 0.01 0.04 ± 0.01 T 
LPS (nM) 41.9 ± 5.61 53.2 ± 8.8 153.50 ± 27.1 62 ± 10.8 D, DxT 

Wistar rats supplemented with fiber (F) or vehicle (VH) and fed a cafeteria (CAF) diet or standard (STD) diet for 8 weeks. MPO; myeloper- 

oxidase, LPS; lipopolysaccharides. Cecum weight is expressed as absolute weight (g) and relative weight (%), calculated according to the 
formula (100 ∗tissue weight/body weight) and expressed as percentage of body weight. Data are given as mean ± SEM. D, diet effect; T, 
fiber treatment effect; DxT, diet-treatment interaction (Two-way ANOVA test, P < .05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[35–37] . In contrast, F treatment decreased colon length in the

STD-fed group (Student’s t-test, P ˂ .05 ). Although this result could

suggest increased colon inflammation as a result of F treatment,

it should be borne in mind that this effect was only observed in

animals fed the STD diet, where no external inducers of intestinal

inflammation were observed, as indicated by MCP1 circulant levels

( Table 3 ). In addition, F treatment produced a significant reduction

of MPO activity in both STD and CAF groups ( Table 4 ), suggesting

that F treatment induces a decrease in inflammation at the colon

level in both groups. 

Furthermore, F treatment showed a clear reduction in LPS

serum levels in CAF-fed animals (Student’s t-test, P P ˂ .05 )

( Table 4 ). These results are consistent with several in vivo [38] and

human intervention studies [25] , and reinforce that fermentable

fiber might alter the composition and/or activity of intestinal mi-

crobiota, leading to a decrease in intestinal permeability and LPS

plasma levels [38] . Interestingly, the body fat of animals was posi-

tively correlated with LPS levels and negatively correlated with ce-

cum weight and intestine length ( Fig. 2 ). The main consequence

of intestinal barrier dysfunction is the entry of toxins, including

LPS, causing metabolic endotoxemia [ 39 , 40 ]. Moreover, the results
of numerous studies suggest that changes in the function of the

intestinal barrier and intestinal inflammation are associated with,

and could induce, metabolic alterations, including systemic inflam-

mation, dysregulation of body weight or changes in glucose home-

ostasis [41] . Overall, our results suggest that F has beneficial ef-

fects on intestinal inflammation, permeability and health, and that

the clear effect of F treatment on endotoxemia in CAF-fed animals

could be associated with the beneficial effects observed on body

weight, fat mass and glucose metabolism. 

3.6. Involvement of metabolites derived from F supplementation in 

adiposity, lipid metabolism, and intestinal health: SCFAs, phenolic 

acids, and vitamins 

Metabolomic profiles of urine and, to a lesser extent, serum

samples showed alterations in metabolites that could be regarded

as direct or indirect biomarkers of the F intervention ( Table 2 ). Uri-

nary levels of 5-(hydroxymethyl-2-furoyl)glycine were increased as

a consequence of the F treatment in both study groups ( P < .001),

in line with previous works reporting that furfural-related metabo-

lites are normally excreted after the consumption of fiber-rich
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Table 5 

Significantly changed microbiota between rats fed standard diet (STD) or cafeteria diet (CAF) and treated with vehicle (VH) or fibre (F) 

Taxonomic level STD + VH STD + F CAF + VH CAF + F ANOVA 

Firmicutes 79.4 ± 2.62 78.3 ± 4.08 55.3 ± 4.57 51.5 ± 6.99 D 

Lactobacillaceae 1.61 ± 0.26 4.45 ± 0.67 10.1 ± 1.19 15.6 ± 5.39 D, T 
Lactobacillus 1.61 ± 0.26 4.45 ± 0.66 10.1 ± 1.91 15.6 ± 5.38 D, T 

Christensenellaceae 0.010 ± 0.002 0.018 ± 0.004 0.045 ± 0.012 0.015 ± 0.005 D, DxT 

Ruminococcaceae 
Ruminococcus 1.16 ± 0.10 1.38 ± 0.19 0.58 ± 0.21 1.48 ± 0.30 T 
Bacteroidetes 18.9 ± 2.62 19.1 ± 3.71 35 ± 4.18 38.8 ± 5.23 D 

Porphyromonadaceae 0.176 ± 0.032 0.347 ± 0.101 1.66 ± 0.38 4.00 ± 1.04 D, T 
Parabacteroides 0.1175 ± 0.032 0.346 ± 0.101 1.66 ± 0.38 4.00 ± 1.04 D, T 

Paraprevotellaceae 2.06 ·10 −3 ± 8.23 ·10 −4 0.028 ± 0.016 0.059 ± 0.030 0.007 ± 0.003 DxT 
Proteobacteria 0.20 ± 0.05 0.39 ± 0.14 2.56 ± 0.88 2.42 ± 0.46 D 

Desulfovibrionaceae 

Desulfovibrio 3.30 ·10 −4 ± 1.78 ·10 −4 0.002 ± 9.63 ·10 −4 0.004 ± 0.001 0.001 ± 3.58 ·10 −4 DxT 

Wistar rats supplemented with fibre (F) or vehicle (VH) and fed a cafeteria (CAF) diet or standard (STD) diet for 8 weeks. Phylum; 
Family; Genus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

foods [42] . We also observed an increase of SCFAs (butyrate,

P = .049; gamma-aminobutyrate, P = .015), which are produced by

bacterial fermentation of non-digestible fibers [43] . Furthermore,

urinary levels of multiple phenolic acids and flavonoids were sig-

nificantly increased in the CAF group as a direct effect of the F

treatment ( P < .05), but the opposite trend (not reaching statistical

significance, P < .1) was observed in STD-fed animals. Similarly, F in-

take also provoked the reduction of various serum vitamins in the

STD group ( e.g. , thiamine, P = .016; α-tocopherol, P = .009), whereas

their concentrations were slightly increased in the CAF-fed group.

These apparently contradictory results could be attributed to the

fact that the plum employed in this study is expected to increase

the supply of these plant-related bioactives in animals fed with the

CAF diet, which is enriched in unhealthy foods. On the other hand,

F supplementation could reduce the absorption of polyphenols and

vitamins that are naturally present in the cereal-containing chow

that was employed in the STD group, thus decreasing their circu-

lating levels, in line with previous studies [44] . 

As a result of this differential metabolomics effect of F between

STD-fed and CAF-fed animals, correlation analyses showed oppo-

site directions of association according to the diet group ( Figure 3 ).

SCFAs and phenolic acids were positively correlated with intesti-

nal health-related parameters in CAF-fed animals ( e.g. , cecum rel-

ative weight with butyric acid, DHCA, DHCA-3S and 3-HPHPA,

and 24-h feces weight with CA derivatives and other phenolics),

whereas the opposite trend was observed in the STD group ( e.g. ,

24-h feces weight with aminobutyric acid and VA-S). Similarly,

these metabolite classes were significantly correlated with several

adiposity variables ( e.g. , positive correlation with fat mass, weight

gain and EWAT in STD animals, negative correlation with total liver

cholesterol in CAF animals). Therefore, these results could suggest

that the beneficial effects of F treatment on obesity, liver lipid

metabolism and intestinal health are mediated, at least in part, by

SCFAs and phenolic acids. 

In turn, we observed an increased abundance of the Ruminococ-

cus genus in response to the dietary intervention with F ( Table 5 ),

which was positively correlated with urinary levels of phenolic

acids and with fresh stool weight in CAF-fed animals ( Fig. 3 ). In

this respect, various authors have previously described an increase

of these saccharolytic species when adding fermentable fiber or

carbohydrates to the diet [45] , bacteria that are responsible for

the first steps of the microbiota-derived degradation and fermenta-

tion of carbohydrates. Notably, Ruminococcus species belong to the

Clostridium cluster IV, which are also essential for the bioavailabil-

 

ity of most polyphenols by driving C-ring cleavage reactions that

lead to the production of simpler phenolic acids [46] . 

Within this tangled interplay between phenolic compounds and

the gut microbiota, F treatment also altered the expression of

genes involved in tight junction functioning, downregulating the

protein kinase cAMP-activated catalytic subunit beta, radixin and pro-

tein kinase C, iota (Table S1). This is in line with previous stud-

ies reporting that dietary phenolics can regulate the synthesis, ex-

pression, and redistribution of tight junction proteins [47] . Tight

junctions are the principal determinants of epithelial paracellular

permeability and help to regulate epithelial barrier properties [46] .

They are organized by specific interactions between a wide spec-

trum of proteins, including the integral role of the claudin family

of transmembrane proteins [47] . The results obtained in our study

concur with previous studies reporting the expression of genes re-

lated to tight junction processes in PBMCs under several conditions

[ 4 8 , 4 9 ]. In particular, it should be noted that the interaction of LPS

with human small intestinal lamina propria fibroblasts has been

shown to favor PBMC adhesion through the production of adhe-

sion molecules [50] . Furthermore, obesity induced by the intake

of a high-fat diet triggers gut hyperpermeability through tissue-

specific claudin switching in the gut epithelium of obese rather

than lean subjects [49] , in line with the upregulated expression

levels of claudin observed in our study. 

3.7. F modulates proteolysis and circulating amino acid levels 

The intervention with F reduced serum and urinary amino acids

towards similar levels to those detected in STD-fed rats ( Table 2 ,

P < .05). These amino acids were positively correlated with various

adiposity-related parameters ( e.g. , MWAT, EWAT and body fat mass

with proline) in CAF animals ( Fig. 3 ), thus evidencing the great im-

portance of their proper homeostasis in regulating the metabolic

complications promoted by this obesogenic diet. These findings

concur with previous studies reporting that F treatment may sig-

nificantly influence the metabolism of amino acids through differ-

ent mechanisms, including enhanced hepatic gluconeogenesis [48] ,

decreased proteolysis [49] and increased efficiency of amino acid

utilization to maintain protein synthesis [45] . 

Moreover, serum amino acids ( i.e. , threonine) were negatively

correlated with the cecal abundance of the Lactobacillus genus

( Fig. 3 ). F feeding induced an increase in Lactobacillus counts,

in line with previous studies indicating that dietary fibers pro-

voke important alterations in the gut microbiota composition to-



12 N. Estanyol-Torres, C. Domenech-Coca, R. González-Domínguez et al. / Journal of Nutritional Biochemistry 111 (2023) 109184 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T  

 

wards increased saccharolytic species and decreased detrimental

proteolytic bacteria [49] . Similarly, Kieffer et al. reported that the

abundance of various beneficial bacterial families (including Lac-

tobacillaceae ) showed negative correlations with liver nitrogenous

metabolites ( e.g. , amino acids, urea) in mice fed a high-fat diet and

supplemented with resistant starch [45] . Altogether, these results

seem to indicate that F treatment in CAF-fed rats could impact

amino acid metabolism by modulating the microbiota composition

and by decreasing the proteolysis rate. Supporting this hypothesis,

transcriptomic data in PBMCs also revealed the downregulation of

several genes involved in the proteasome in F-treated animals (Ta-

ble S1). These results concur with previous studies reporting that

obesity is associated with an increase in skeletal muscle atrophy

and a decrease in myofibrillar proteins as a result of ubiquitin-

mediated overactivation of the proteasome pathway [50] , whereas

F treatment could decrease the muscle atrophy caused by the CAF

diet. Furthermore, this altered protein turnover was also reflected

in a higher serum creatine:creatinine ratio in fiber-treated CAF-fed

animals ( Table 2 ), in line with previous works [51] . 

As expected, serum levels of 1-methylhistidine and 3-

methylhistidine increased in CAF-fed animals compared with

the STD group, as methylhistidine metabolites are well-known

biomarkers of meat intake ( e.g. , pâté and bacon supplied in the

CAF diet) [28] . However, this increase was surprisingly sharper

in response to the F treatment in the CAF group. Similarly, Kor-

sholm et al. found that resveratrol treatment in men with MetS

induced the accumulation of 3-methylhistidine and N-acetyl-3-

methylhistidine in blood samples [52] . In particular, we observed

that 1-methylhistidine concentrations correlated negatively with

adiponectin levels and positively with liver weight in CAF-fed an-

imals, whereas 3-methylhistidine negatively correlated with EWAT

in STD animals ( Fig. 3 ), which evidences the great impact of these

amino acid derivatives on adiposity and liver health. Accordingly,

deeper studies are needed to determine the exact effect of fibre on

skeletal muscle function. 

3.8. Impact of F on the crosstalk between circulating amino acids 

and intestinal health 

The intake of fibres induced a significant decrease of serum and

urinary levels of phenylalanine ( i.e. , phenyllactic acid, phenylacetyl-

glycine, phenylacetylglutamine) and tryptophan ( i.e. , indolepropi-

onic acid) derivatives in CAF-fed animals ( Table 2 , P < .05), in line

with previously published studies [ 45 , 49 , 53 , 54 ]. These are com-

mon host-microbial co-metabolites produced by specific bacterial

strains most of which are well-known uremic toxins. Our metage-

nomic results did not show any significant change in bacterial

species that are recognized to be involved in aromatic amino acid

metabolism, nor significant correlations between metabolomic and

metagenomic data. However, serum amino acids and derivatives

( e.g. , proline, phenyllactic acid) were positively associated with

plasma LPS and negatively correlated with cecum weight in the

CAF group ( Fig. 3 ), thus corroborating the pivotal role of the inter-

play between the gut microbiota and amino acids in modulating

endotoxemia and intestinal health. 

Ergothioneine is a histidine metabolite that is usually acquired

from the diet and shows antioxidant properties. Interestingly, we

observed that the CAF diet lowered ergothioneine concentrations

both in urine and serum samples, whereas F treatment tended to

restore the original content of this compound in urine ( P = .037,

Table 2 ). Nonetheless, the mechanisms behind these metabolomic

changes and consequences for health outcomes are uncertain, since

no significant correlations were noticed with other biometrical,

biochemical or metagenomic variables. 
4. Conclusions 

In conclusion, the results of our study demonstrate that sup-

plementation over 8 weeks with a mixture of highly fermentable

fibers at a dose extrapolable to humans reduced the adiposity

of animals, improved intestinal health and had a clear effect on

endotoxemia mainly in CAF-fed animals. The treatment also de-

creased liver cholesterol levels in STD-fed animals and reduced

HbA1c blood levels in both STD- and CAF-fed animals. The inte-

grative approach applied in this study evidenced that the major

drivers in defining phenotypic status were biometrical and bio-

chemical variables together with metabolomic data. Furthermore,

correlation results suggest that the effect of F on obesity could be

mediated by an increase of energy expenditure and lipid oxidation.

Gene expression analysis in PBMCs is in accordance with some of

the beneficial effects observed by the F treatment, showing signif-

icant changes in thermogenic, tight junction and proteolysis path-

ways. Metabolomics results evidenced an accumulation of urinary

phenolic compounds and short-chain fatty acids as a consequence

of F supplementation, as well as decreased levels of amino acids

in serum and urine. This reinforces the central involvement of the

gut microbiota and protein metabolism in the F-mediated amelio-

rating effects on the CAF-fed animals. Altogether, the present study

highlights the added value of using integrative multi-omics ap-

proaches with the aim of obtaining a deeper understanding of the

phenotypic effects and the underlying molecular mechanisms be-

hind the beneficial effects of dietary interventions against obesity

and related disorders. Further randomized controlled clinical trials

focused on the effectiveness of F against obesity and its metabolic-

related disorders would strongly contribute to shedding more light

on this issue. 
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