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Abstract: Understanding the importance of gut microbiota (GM) in non‐alcoholic fatty liver disease 

(NAFLD) has raised the hope for therapeutic microbes. We have shown that high hepatic fat 

associated with low abundance of Faecalibacterium prausnitzii in humans and further, 

administration of F. prausnitzii prevented NAFLD in mice. Here, we aimed to target F. prausnitzii by 

prebiotic xylo‐oligosaccharides (XOS) to treat NAFLD. First, the effect of XOS on F. prausnitzii 

growth was assessed in vitro. Then, XOS was supplemented or not with high (HFD) or low (LFD) 

fat‐diet for 12‐weeks in Wistar rats (n=10/group). XOS increased F. prausnitzii growth having only 

minor impact on the GM composition. When supplemented with HFD, XOS prevented hepatic 

steatosis. The underlying mechanisms involved enhanced hepatic β‐oxidation and mitochondrial 

respiration. 1H‐NMR analysis of caecal metabolites showed that compared to HFD, LFD group had 

healthier caecal short‐chain fatty acid profile and the combination of HFD and XOS was associated 

with reduced caecal isovalerate and tyrosine, metabolites previously linked to NAFLD. Caecal 

branched‐chain fatty acids associated positively and butyrate negatively with hepatic triglycerides. 

In conclusion, our study identifies F. prausnitzii as a possible target to treat NAFLD with XOS. The 

underlying preventive mechanisms involved improved hepatic oxidative metabolism.   
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1. Introduction 

In Western countries, nearly 30% of the general population and up to 90% of obese individuals suffer 

from non‐alcoholic fatty liver disease (NAFLD) [1]. NAFLD is defined as excessive fat accumulation 

in liver without the patient having secondary causes of fat accumulation, such as excessive drinking 

of alcohol or use of steatogenic drugs. NAFLD can be categorized into simple hepatic steatosis, 

which is diagnosed as a presence of fat accumulation without histological or biochemical injuries, 

and non‐alcoholic steatohepatitis (NASH), characterized by hepatic steatosis, inflammation and 

hepatocyte damage [2, 3].  

It is increasingly accepted that the pathogenesis of NAFLD is associated with environmental, 

host genetic and physiological factors [4], such as increased lipid storage [5‐7] and mitochondrial 
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dysfunction [7]. Often, dietary factors and excessive caloric intake are involved in pathogenesis of 

NAFLD, and they are also important determinants of the gut microbiota (GM) composition of the 

host [8]. The GM refers to the trillions of tiny microbial cells inhabiting the gastrointestinal tract that 

brake down the macromolecules and nutrients from the ingested food. Complex interactions 

between dietary factors and microorganisms are known to dictate the beneficial or detrimental 

effects on the host health [8]. Prominently, recent studies have highlighted the importance of 

gut‐derived signals [9, 10] and the entity of the GM in the pathogenesis of NASH and NAFLD.  In 

NAFLD patients, for instance over‐represented Gammaproteobacteria [11, 12] and the genera 

Lactobacillus, Dorea, Robinsoniella and Roseburia [13] have been found compared to healthy controls. 

Controversially, either low abundance [14] or high abundance [15] of the phylum Bacteroidetes have 

been detected in NASH patients. Another study reported enriched Fusobacteria, Lachnospiraceae, 

Enterobacteriaceae, Erysipelotrichaceae and Streptococcaceae in NAFLD patients [16]. These studies 

indicate that there is no single microbial taxon always positively or negatively associated with liver 

fat, which, however, may be influenced by the age, gender and geographic location of the study 

cohorts that are known to affect the GM composition [17‐20]. 

The involvement of the GM in NAFLD has led to the development of possible therapies that 

either use health‐beneficial microbes or target the GM of the host. We have shown that intragastric 

administration of Faecalibacterium prausnitzii, a commensal member of the GM with known 

anti‐inflammatory properties [21, 22], prevented NAFLD in mice [23]. The rationale for investigating 

this bacterium in the mice model stemmed from our human study, which showed that F. prausnitzii 

abundance associated reversely with hepatic fat content [24], and thus we hypothesized that its low 

abundance might partly contribute to the diseased phenotype. Our study was in agreement with 

another study that detected under‐represented F. prausnitzii in NASH patients [25]. 

Our previous findings thus tentatively suggested that NAFLD might be partly relieved with F. 

prausnitzii. Unfortunately, the potential “therapeutic” bacteria are not always accepted for human 

use. We therefore searched alternative, nutrition‐based tools to increase the natural abundance of F. 

prausnitzii to treat NAFLD. Such effective tools are known to be probiotics and prebiotics, for 

instance [26].  A probiotic refers to a live microorganism that confers health benefits to the host, 

while a prebiotic is defined as a selectively fermented component that cannot be digested as such but 

serves as a food for the GM and thereby causes specific changes in the composition and/or activity of 

GM conferring beneficial effects for host’s health. Carbohydrates, such as dietary fibre, are potential 

prebiotics. These include fructooligosaccharides (FOS), galactooligosaccharides (GOS), 

isomaltooligosaccharides (IMO), xylooligosaccharides (XOS), transgalactooligosaccharides (TOS), 

and soybean oligosaccharides (SBOS) [26]. Previously, a high dose of XOS that is isolated from 

corncobs, 2.8 grams daily ‐ that may not actually be considered as prebiotic dose ‐ has been shown to 

increase the abundance of Faecalibacterium species in a group of seven healthy humans [27]. On a 

contrary, two in vitro studies failed to show any stimulatory effect of XOS on F. prausnitzii growth 

[28, 29]. Moreover, a human study did not show effects of XOS on F. prausnitzii but a slightly 

improved glucose tolerance was achieved in pre‐diabetic subjects, when they consumed 2 grams of 

XOS daily, for eight weeks [30].  

In this study, we tested the effect of a prebiotic dose of XOS (0.12% w/v) on enhancing F. 

prausnitzii growth first in vitro, and then in vivo. In rats, NAFLD was induced with high‐fat diet 

(HFD), with or without XOS supplementation. In addition, the effects of XOS (or not) were studied 

in healthy controls, i.e. in normal, low‐fat diet (LFD) fed counterparts that did not generate NAFLD. 

 

 

 

 

 

 

2. Materials and Methods  
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2.1. In vitro cultivations of Faecalibacterium prausnitzii  

In vitro cultivations of F. prausnitzii were done in fastidious anaerobe broth (FAB) supplemented 

with short‐chain fatty acids (SCFA) in an anaerobic workstation (WhitleyA35, Don Whitley 

Scientific, West Yorkshire, UK).  The effects of XOS were studied on two commercially available F. 

prausnitzii strains; ATCC®‐27766™ (Manassas, VA, USA) and DSM A2‐165 (Braunschweig, 

Germany), with three replicates for both. Ten ml cultures of FAB+SCFA media were supplemented 

or not with XOS as 0.5 % (w/v %). XOS was isolated from corncobs (Zea mays subsp. mays) via 

enzyme‐catalyzed hydrolysis and subsequent purification. It was donated by the manufacturer 

Shandong Longlive Biotechnology LTD, China (95 % pure, CAS #87099‐0). The growth of F. 

prausnitzii was determined by following changes in the optical density at 620 nm with MultiskanFC 

photometer (Thermo Fisher Scientific, Waltham, MA, USA) after 22 hours of cultivations. 

2.2. Animals 

The animal experiment was approved by the National Animal Experiment Board of Southern 

Finland (ESAVI/8805/4.10.07/2017), and performed in accordance with the Guidelines of the 

European Community Council directives 2010/63/EU, and European Convention for Protection of 

Vertebrate Animals used for Experimental and other Scientific Purposes (Council of Europe No123, 

Strasbourg 1985). It was conformed according to the Animal Research: Reporting of In Vivo 

Experiments (ARRIVE) guidelines. Male Wistar rats of 10‐12 weeks old were purchased from 

Charles River, Europe. Wistars were chosen because our pilot studies indicated that they harbour F. 

prausnitzii while Sprague Dawley for instance, did not (data not shown). Upon arrival, the rats were 

let to habituate to the environment for two weeks. During the whole experiment, the rats were 

single‐housed. The animals were randomly divided into four groups (n=10/group): 1) High‐fat diet 

(HFD, with 60% of energy from fat), 2) HFD supplemented with XOS (0.12%, HFD+XOS), 3) control 

= low‐fat diet (LFD, with 10% of energy from fat), and 4) LFD supplemented with XOS (0.12%, 

LFD+XOS). It is of note, that control feed contained standard amount of fat available in rodent feed, 

but for clarity and big difference to the high‐fat group it is termed LFD. In humans, a daily dose of 

around one gram of XOS yields prebiotic effects. Thus, in rats taking into account that animal weighs 

around 100‐times less than humans, 0.12% of XOS used in this study can be considered as a safe 

prebiotic concentration. XOS was isolated as described above and donated by Shandong Longlive 

Biotechnology (95% pure, CAS #87099‐0). All irradiated diets were purchased as custom‐made 

pellets from Labdiet/Testdiet, UK. The animals had food and water ad libitum and were maintained 

at 12/12h light/dark cycle in an enriched environment at animal facilities of University of Jyväskylä. 

At the beginning of the 12‐week diet intervention all rats were ~15 weeks of age. 

2.3. Indirect metabolic measurements  

The indirect measures of metabolism were analyzed from respiratory gases with oxygen, CO2 

and capacitive water vapor partial pressure analyzer (Promethion®GA3, Sable Systems, Las Vegas, 

NV, USA). Two multi‐channel mass flow generators measured and controlled air flow (FR8, Sable 

Systems). The incurrent flow rate was 3500 mL/min. The data acquisition was coordinated by 

MetaScreen® and the raw data were processed using ExpeData® softwares (Sable Systems). 

Expedata uses an analysis script detailing all aspects of data transformation, calculates respiratory 

quotient (RQ) as the ratio of CO2 production over O2 consumption, and energy expenditure using 

the Weir equation: Kcal/hr = 60*(0.003941*VO2+0.001106*VCO2) [31]. 

 

  

2.4. Weight and body composition measurement, food intake 
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During the study the animals were weighed weekly always at the same time of day on an 

electronic scale. The food intake was measured once a week by weighing the consumed feed during 

24‐hours. The body composition was determined with dual energy x‐ray absorptiometry (DXA, 

Prodigy; GE Lunar Corp., Madison, WI, USA) under isoflurane anesthesia before and after the diet 

intervention. 

2.5. Necropsy, blood analyses, tissue collection and histology 

After the 12‐week diet intervention, the non‐fasted rats were anesthetized with a mixture of air 

and CO2, and euthanized by drawing the blood by cardiac puncture. Serum glucose, triglycerides, 

free fatty acids, glycerol, cholesterol, LDL, HDL, AST, and ALT were determined using KONELAB 

20XTi analyser (Diagnostic Products Corporation, Los Angeles, CA, USA). Serum cytokines were 

analyzed with 9‐plex cytokine ELISA kit (#110449RT) according to the manufacturer’s instructions 

using Quansys and Q‐View software (Quansys Biosciences, Logan, UT, USA). The detection limits 

for the cytokines were as follows: interleukin (IL)‐1a, 8.55 pg/ml; IL‐1β, 3.58 pg/ml; IL‐2, 2.74 pg/ml; 

IL‐4, 0.45 pg/ml; IL‐6, 1.4 pg/ml; IL‐10, 0.26 pg/ml; IL‐12, 0.41 pg/ml; interferon (IFN)‐γ, 33.71 pg/ml, 

and tumor necrosis factor (TNF)‐α, 2.72 pg/ml.  

The medial lobe of the liver was harvested and after excising samples for mitochondrial 

respiration analysis and histology, the rest of the medial lobe was immersed in liquid nitrogen and 

stored at ‐80ºC. For the subsequent enzyme activity and fat content analyses, liver was pulverized in 

liquid nitrogen. For histology, liver was snap‐frozen in cooled isopentane (‐150oC) and stored at 

‐80°C. Neutral lipids were visualized from 10 μm cryosections by Oil Red O staining. 

Paraformalin‐fixed sections were rinsed with H2O, stained for 15 minutes with freshly prepared Oil 

Red O solution (Merck, Kenilworth, NJ, USA), and rinsed with 60% isopropanol to avoid 

over‐staining. The sections were counterstained with Mayer’s hematoxylin and scanned with 

NanoZoomer microscope (Hamamatsu, Japan). The amount of hepatic fat was scored by two 

blinded experimenters.  

For the histology of the gut, ~10 mm of proximal colon was cut right after the caecum, the colon 

contents were collected (see below) and the rests were washed out with PBS. The tissue was fixed 

with 4% paraformaldehyde for 48 hours, washed twice with PBS and stored in 70% ethanol at +4°C. 

Gut sample was divided into ~2 mm pieces, which were embedded in the same paraffin block. 3 μm 

sections were deparaffinized, boiled in 0.01 M sodium citrate (pH 6.0) for antigen retrieval and 

blocked with 10% goat serum. The intestinal tight junctions were stained with anti‐tight junction 

protein‐1 antibody (Tjp1, Novus Biologicals, Littleton, CO, USA), and visualized by labeling with 

anti‐rabbit 647 Alexa Fluor (Invitrogen, Carlsbad, CA, USA). Nuclei were imagined with DNA‐stain 

4’,6‐diamidino‐2‐phenylindole (DAPI, 1:2000), and sections were cover‐slipped with 

Mowiol‐mounting media. The labeled sections were imaged with confocal microscope (Carl Zeiss 

LSM 700) and the signal intensities were counted with Image J. From each rat, four randomly 

selected areas were imagined, four tiles per area (1184 μm x 1184 μm).The fluorescence intensity was 

normalized to the amount of DAPI intensity.  

2.6. Collection of gut contents, DNA extraction and real-time quantitative PCR 

Proximal colon and caecum contents were collected at necropsy, snap‐frozen in liquid nitrogen 

and stored at ‐80°C. The total DNA was extracted from ~100 mg of the colon and caecum contents 

with Stool Extraction Kit and semi‐automated GenoXtract (Hain Lifescience GmbH, Germany), 

combined with preceding homogenization and bead‐beating in 1.4 mm Ceramic Bead Tubes. 

Real‐time quantitative PCR (qPCR) was performed using DNA extracted from caecum and F. 

prausnitzii 16S rRNA–targeted primers as described previously [32]. First, traditional PCR was 

performed using pure cultures of F. prausnitzii and F. prausnitzii 16S rRNA –targeted primers. The 

PCR program consisted of pre‐incubation at 95ºC for 10 minutes, 40 cycles at95ºC for 30 

seconds, 60ºC for 1 min and 72ºC for 30 seconds and then a final extension at 72ºC for 

eight minutes (Veriti 96 Well Thermal Cycler, Applied Biosystems, USA). The expected size of the 

PCR product was 140 base pairs. After obtaining and purifying the PCR products, a dilution series 
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for the qPCR standard curve was made from the pool of positive reaction products of the traditional 

PCR. The DNA concentration of the DNA pool was measured with NanoDropND‐1000 

spectrophotometer (ND, Nanodrop Technologies Inc., Wilmington, DE, USA). Assuming that 

the molecular weight of one DNA base pair is 660 g/mol and knowing the PCR product size to be 

140 base pairs, the concentration of DNA fragments in the pool could be calculated based on the 

DNA concentration: DNA concentration (ng/μl)/molecular weight of one PCR fragment (g/mol)= 

fragment concentration. When the fragment concentration (mol/μl) was multiplied with Avogadro’s 

number (6.0221415 × 1023), the number of fragments per one μl was gained. From this, a 

dilution series from 1010 to 101 was done and used as a standard curve in the qPCR. The qPCR results 

are shown as F. prausnitzii gene copy number/gram of caecal content. However, it should be noted 

that the gene copy number does not directly represent the absolute F. prausnitzii bacterial cell 

numbers of the samples, because it is not known how many gene copies of 16S rRNA exist in a 

single F. prausnitzii cell. 

 

2.7. 16S rRNA gene sequencing and processing of the sequence data 

 

For microbial community analysis, rRNA gene was amplified using primers 515F‐Y 

(GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) targeting the V4 

region of the SSU rRNA gene. In the first PCR, the reaction consisted of 1xMaxima™ SYBR Green 

qPCR Master Mix (Thermo Fisher Scientific, Waltham, USA), 0.5 μM of primers and 20 ng of DNA 

template. Thermal cycling consisted of 10 min initial denaturation at 95°C, 30 cycles at 94°C 30 sec, 

+52°C 60 s and 72°C 60 s and final extension at 72°C for 5 min (C1000 ThermalCycler, Bio‐Rad 

Laboratories, Hercules, USA). To add Ion Torrent PGM sequencing adapters and barcodes to the 

ends of the PCR product, one μl of the PCR product was used as template in the second PCR, where 

10 cycles were performed using linker and fusion primers (0.05 μM of M13_515F‐Y, 0.5 μM of 

IonA_IonXpressBarcode_M13 and P1_806R), with conditions otherwise identical to the first 

amplification. Sequencing was performed using Ion Torrent PGM (Thermo Fisher Scientific, 

Waltham, USA). PCR products were purified with AMPure XP (Beckman Coulter, Brea, USA), 

quantified with PicoGreen (Quant‐iT™ PicoGreen™ dsDNA Assay Kit, Thermo Fisher Scientific, 

Waltham, USA), and pooled in equimolar quantities for sequencing on Ion Torrent PGM using Hi‐Q 

View OT2 Kit for emulsion PCR, Hi‐Q View Sequencing Kit for the sequencing reaction, and Ion 318 

Chip v2 (Thermo Fisher Scientific).  

The 16S rRNA gene sequences were quality‐filtered and clustered to operational taxonomic 

units (OTUs) at the 97% similarity using CLC Microbial Genomics Package (Qiagen, Germany). 

After processing, the data‐set contained 5.0 million reads, on average 64544±15932 reads per sample 

and 12700 unique OTUs. The rRNA gene sequences were classified using SILVA SSU Ref database 

(v132, 99%). First, the GM diversity was analyzed separately from caecal and colon contents. Because 

no differences in the distribution of evenness between species i.e. alpha‐diversity of the GM were 

observed between the two intestinal compartments (See Results, section 3.2), the sequence data of 

the caecum and colon samples were pooled for further GM composition analyses. 

2.8. Extraction, identification and analyses of caecal metabolites  

Ice‐cold PBS (pH 7.4) was mixed with the caecal content at a ratio of 1:2, and vortexed for 5 min 

to extract caecal metabolites. The extract was then centrifuged at 15,000 × g for 15 min at +4°C. An 

aliquot of the supernatant was mixed with 10% Chenomx standard solution [5 mM deuterated DSS 

(DSS‐d6) and sodium azide in D2O] and vortexed for 15s. Then, 180 μL of the solution was placed 

into 3mm NMR‐tubes. The spectra were recorded using 600 MHz Bruker AVANCE‐III NMR 

spectrometer equipped with TCI Prodigy CryoProbe (Bruker BioSpin AG, Fällanden, Switzerland).  

NMR spectra were recorded using a 600 MHz Bruker AVANCE‐III NMR spectrometer (Bruker 

BioSpin AG, Fällanden, Switzerland) equipped with a TCI Prodigy CryoProbe. A 128 scans 

Carr‐Purcell‐Meiboom‐Gill sequence (CPMG) pulse was applied to acquire the spectra consisting of 

128 k data points at a spectral width of 10 kHz, at 25°C, with an acquisition time of 6.82 s. The 
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parameters used in acquiring J‐resolved (JRES) spectra were 16 scans, 1 k data points, 128 

increments, 2s relaxation delay and a spectral width of 16 ppm in dimensions. The heteronuclear 

single quantum coherence (HSQC) spectra were acquired using 32 scans, 2 k data points, 128 

increments, 2s relaxation delay, and spectral width of 16 ppm and 165 ppm in the proton and carbon 

dimensions, respectively. 

The identification and quantification of the metabolites were performed using the metabolite 

library of the Chenomx NMR Suite 8.3 Professional (Chenomx Inc., Edmonton, Alberta, Canada). In 

addition, literature as well as open access web based metabolite databases such as Human 

Metabolome Database (HMDB, http://www.hmdb.ca), and Biological Magnetic Resonance data 

Bank (BMRB, http://www.bmrb.wisc.edu) were also queried. The metabolite identities were duly 

confirmed by two‐dimensional NMR experiments such as JRES and HSQC. 

2.9. Processing of the caecal metabolite data and multivariate data analysis 

All raw 1H‐NMR spectra were processed individually to correct the phasing, baseline, and shim 

using Chenomx NMR Suite. All the spectra were referenced to the internal standard (TSP) at 0.00 

ppm. The chemical shift region 0.0–10.0 ppm was then integrated to bins of width 0.001 ppm after 

total area normalization, using the Chenomx software. This dataset comprising of 10,000 bins was 

used to correct the misalignments of the spectra using the icoshift algorithm, in MATLAB platform, 

based on the correlational shifting of spectral intervals. The average spectrum twice (average2) was 

used as the target spectrum to realign the misaligned peaks. The spectral region related to residual 

water (4.68–4.88) and the regions lacking signals such as δ 0.0–0.6 and δ 9.5–10.0 were removed from 

the aligned spectra. The newly constructed aligned binned data was reduced to variable sized bins 

of size ranging from 0.018 – 0.04 ppm. 

The generated dataset comprising 40 observations and 157 variables was then used in the 

multivariate data analysis using SIMCA‐P 14.1 (Umetrics, Sartorius Stedim Biotech, Umeå, Sweden). 

The mean centered and Pareto scaled data was subjected to unsupervised principal component 

analysis (PCA) and supervised Partial Least Squares‐Discriminant Analysis (PLS‐DA) and/or 

Orthogonal Partial Least Squares‐Discriminant Analysis (OPLS‐DA). The grouping patterns of the 

samples in different chemometric analysis were observed with the aid of score plots, wherein the 

spectra were represented as individual points along the principal components. The variables 

(metabolites) contributing to the characteristic grouping of the samples observed in the score plots 

were visualized using their corresponding loading plots. The validation as well as the evaluation of 

the optimal fit of the OPLS‐DA models were performed by internal validation methods of 100 

permutation test, calculation of explained variation (R2Y (cum)), predictive ability (Q2Y (cum)), and 

CV‐ANOVA values. 

2.10. Measurement of liver fat content and 3-hydroxyacyl-CoA dehydrogenase activity  

Total lipids were extracted from pulverized sample of the medial lobe of liver and analyzed 

with KONELAB 20XTi as described previously [33]. To analyze the activity of 3‐hydroxyacyl‐CoA 

dehydrogenase 8 (β‐HAD), ~20 mg of pulverized livers were homogenized in ice‐cold lysis buffer 

(10 mM Tris‐HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton X‐100, 10% glycerol and 1 mM DTT), 

supplemented with protease and phosphatase inhibitors (Sigma Aldrich, St Louis, USA) using 

TissueLyzer (Qiagen, Valencia, CA, USA). After centrifugation at 12.000 x g, β‐HAD activity was 

measured with KONELAB 20XTi in a solution containing 50 mM Triethanolamine‐HCl (pH 7.0), 4 

mM EDTA, 0.04 mM NADH and 0.015 mM S‐Acetoacyl CoA. 

 

 

2.11. Measurement of hepatic mitochondrial functions with high-resolution respirometry reflecting the rate of 

hepatic glucose metabolism 
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Freshly collected sample of liver medial lobe (15‐20 mg) was homogenized in 0.5 ml 

Mir05‐medium with PBI‐Schredder HRR set (Oroboros instruments, Innsbruck, Austria). Shredding 

was done 10 s 1‐level + 5 s 2‐level. Shredding pipe was washed three times with 0.5 ml of 

Mir05‐medium and collected to clean tube with the homogenate. The final volume of the 

homogenate was set to 5 ml with Mir05‐buffer. An aliquot of 0.8 ml of the homogenate and 1.5 ml of 

Mir05‐medium were transferred to the Oroboros O2k‐Respirometer (Oroboros instruments). 

Oxygen concentration (μM), and oxygen flux per tissue wet mass (pmol O2•s−1•mg−1) were 

recorded using DatLab software (Oroboros instruments). Oroboros program was performed as 

follows: 1) Pyruvate, malate, and glutamate (5 mM, 2 mM, 10 mM) were used as initial substrates but 

without ADP leak‐respiration was measured. 2) Addition of ADP and Mg2+ (4 mM, 2.4 mM) started 

oxidative phosphorylation through mitochondrial complex I (CI). 3) Cytochrome c (10 μM) was 

added in order to monitor unwanted mitochondrial degradation; 4) Succinate (10 mM) was added as 

a complex II substrate (CI+II). 5) Maximal capacity of electron transport system was measured 

adding CCCP (0.5‐2.5 μM; until max O2 consumption was reached). 6) Complex I was inhibited with 

rotenone (0.5 μM) and 7) complex III with antimycin A (2.5 μM) and only residual oxygen 

consumption (ROX) was left. ROX was subtracted from all other oxygen flux values and values were 

expressed as normalized to wet tissue mass. 

2.12. Statistical analyses 

Statistical analyses, except for the gut microbiota and their metabolites, were done using IBM SPSS 

Statistics v24 for Windows (SPSS, Chicago, IL, USA). The main effects of diet and XOS were 

determined using general linear model or mixed model analysis. The group differences were 

analyzed with ANOVA.  Kruskal‐Wallis test was used if the data were not normally distributed 

according to Shapiro Wilk’s test. For the repeated measures, we used linear mixed model. Type III 

tests of fixed effects with Sidak’s adjustment for multiple comparisons were used. Cohen’s d was 

used to estimate differences between the groups in F. prausnitzii abundance because of the high 

inter‐individual variation. The associations between the variables were studied with Spearman 

correlation coefficient.  

The alpha‐diversity of the GM was quantified with Shannon index using microbiome 

R/Bioconductor package. Beta‐diversity analysis was based on Bray‐Curtis distance and 

PERMANOVA [34] for significance testing (adonis function in the vegan R package). The taxonomic 

groups were compared based on DESeq2 [35] using phyloseq R/Bioconductor package including 

Benjamini‐Hochberg correction for multiple testing. The statistical significance was set at p < 0.05 

after the multiple testing corrections. 

The univariate analysis of the concentrations of caecal metabolites was performed using Graph 

Pad Prism 8.0 (GraphPad Software, San Diego, CA). Normal distribution of the data was tested with 

the Shapiro–Wilk test. The differences between groups were assessed with the parametric one way 

ANOVA (normally distributed variables) with Tukey’s multiple comparison test or non‐parametric 

Kruskal‐Wallis test (non‐normally distributed variables) with Dunn’s multiple comparisons. The 

statistical significance was determined at p < 0.05. 

 

3. Results 

3.1. XOS increased the growth of Faecalibacterium prausnitzii and concomitantly decreased hepatic fat content 

due to enhanced fat and glucose metabolism 

Compared to the control treatment, XOS increased [F (1, 8) =145.6, p < 0.001] the growth of F. 

prausnitzii ATCC‐27766 strain (p = 0.004) and of DSM A5‐165 strain (p< 0.001) in vitro after 22 h of 

stimulation (Figure 1a). 

In rats, after 12‐weeks of dietary XOS supplementation, F. prausnitzii abundance increased compared 

to the HFD (Cohen’s d=0.2) and LFD (Cohen’s d=0.2) without XOS (Figure 1b). Real‐time quantitative 
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PCR was used to analyze F. prausnitzii abundance, because unfortunately, the primers used in 16S 

rRNA gene sequencing did not catch F. prausnitzii. 

 

Figure 1. XOS increased the growth of F. prausnitzii in vitro and in vivo decreasing concomitantly 

hepatic fat content. (a) In vitro stimulation of F. prausnitzii growth with XOS. Cultivations of F. 

prausnitzii were done in fastidious anaerobe broth (FAB) supplemented with short‐chain fatty acids 

(SCFA) in anaerobic workstation for 22 hours. 10 ml cultures of commercially available F. prausnitzii 

strains ATCC®‐27766™ and DSM A2‐165 were supplemented or not with XOS as 0.5% (w/v%).  The 

growth of F. prausnitzii was determined by following changes in the optical density at 620 nm; (b) 

Quantitative real‐time PCR of F. prausnitzii using DNA extracted from rat cecum after 12‐weeks of 

diet. The results are shown as gene copy number divided per gram of caecum content used to extract 

the total bacterial DNA. Cohen’s d was used to estimate the differences between the groups; (c) 

Biochemical analyses of total hepatic cholesterol and triglycerides; (d) Frozen liver sections of rats 

after the 12‐weeks diet intervention stained with Oil Red O. The scale bar is 50 μM. The histological 

images were taken with Olympus BX50 microscope and Colorview III camera using 40 x objective 

(Olympus, NA 0.75).  * indicates statistically significant difference between the groups. 

 

The biochemical measurement of hepatic triglyceride content showed that HFD increased 

triglycerides [F (1, 6.0) = 46.4, p < 0.001). The interactive effect of XOS was significant [F (1, 0.8) = 6.5, 

p = 0.017] i.e. with HFD XOS decreased triglycerides while with LFD XOS increased triglycerides 

(Figure 1c). Similar interactive effect of XOS was found on hepatic cholesterol [F(1, 0.2) = 15.2, p = 

0.001], XOS decreased it with HFD while with LFD cholesterol level was increased, although in 

group comparisons only the LFD+XOS had significantly higher cholesterol content than the LFD 

group (p= 0.015, Figure 1c). To confirm the findings on hepatic triglycerides, the medial lobe of the 

liver was analyzed also histologically. Oil Red O ‐staining of the frozen sections showed that XOS 

supplementation was associated with decreased hepatic neutral lipids compared to the HFD in rats 

(Figure 1d). To assess whether the decreased hepatic fat content was due to increased fat oxidation, 
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we determined the activity of β‐HAD, the rate‐limiting enzyme of fatty acid β‐oxidation. XOS 

increased hepatic activity of β‐HAD significantly [F (1, 2.46) = 4.74, p = 0.038,  Figure 2a]. 

We then analyzed hepatic glucose metabolism using high‐resolution respirometry. In the 

hepatic mitochondria, HFD had lower maximal electron transport compared to the LFD (p=0.034) 

that was not seen in the HFD+XOS (Figure 2b). The HFD had also lower maximal electron transport 

capacity theoretically available for oxidative phosphorylation (p=0.023), and the reserve electron 

transport capacity beyond the oxidative phosphorylation through complex I (p=0.019) as well as 

complexes I and II (p=0.013) than the LFD (Figure 2c). When supplemented with XOS, this effect of 

HFD was not observed (Figure 2c). Compared to the HFD, HFD+XOS had increased respiratory 

capacity available for ATP production through electron flow from complex I (p=0.023, Figure 2c) and 

improved coupling of electron transport through complex I and oxidative phosphorylation (p=0.041, 

Figure 2d). 

 

Figure 2. XOS enhanced hepatic activity of fatty acid-oxidating β-HAD and mitochondrial respiration 

reflecting increased glucose metabolism. (a) Biochemically measured activities of β‐HAD in rat livers; (b) 

HFD had lower maximal electron transport (ETS) in liver compared to the LFD; (c) Compared to the  

LFD, HFD had lower maximal electron transport capacity available for oxidative phosphorylation (Free 

ETS), reserve electron transport capacity beyond oxidative phosphorylation through complex I (CI Excess) 

as well as through complexes I and II (C+CII Excess). Compared to the HFD, XOS increased respiratory 

capacity available for ATP production through electron flow from complex I (CI Free); (d) Compared to 

the HFD, XOS improved coupling of electron transport through complex I and oxidative phosphorylation 

(CI OxPhos, coupling efficiency). * indicates statistically significant difference between the groups. 

 

3.2. The diets did not affect the diversity of the gut microbiota, but minor differences were found in the relative 

abundances of the microbial genera 

Despite the over 12000 OTUs, the proximal colon and caecum of the rats were dominated by a 

few phyla and genera. Bacteroidetes (51.6% of all sequences) and Firmicutes (39.7%) were the 

dominating bacterial phyla, followed by Verrucomicrobia (3.6%) and Proteobacteria (2.3%). The 

families Tannerellaceae (19.1%, only genus Parabacteroides), Rikennellaceae (14.6%, mostly genus 
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Alistipes) and Muribaculaceae (10.0%, several genera) explained the dominance of Bacteroidetes, and 

the families Ruminococcaceae (16.4%), Lachnospiraceae (13.3%) were dominating the sequences 

belonging to Firmicutes. The hierarchical clustering analysis suggested two main clusters among the 

rat groups based on their GM profiles. The dietary fat explained the clusters regardless of XOS 

supplementation (data not shown). However, the diets did not affect the alpha‐diversity of the colon 

or caecum GM (Figure 3a) or the beta‐diversity (Figure 3b). The GM composition did not differ 

between the groups at phylum (Figure 4a) or family level, including Ruminocaccaceae family to which 

F. prausnitzii belongs (data not shown). At genus level, Dubosiella and uncultured member of 

Christensenellaceae were lower, and Prevotellacaeae NK3B31 group higher in the HFD+XOS (p=0.01 for 

all, Figure 4B). The microbiota of the HFD tended to have higher relative abundance of 

Prevotellacaeae UCG‐10 (p=0.06), and LFD groups higher abundance of Anaerostipes (p=0.10) (data not 

shown). 

 

Figure 3. No significant association was observed between the diet and gut microbiota diversity. (a) 

The overall alpha‐diversity (on top), alpha‐diversity in colon (at middle) and caecum (on bottom) of 

the gut microbiota. The alpha‐diversity of the gut microbiota was quantified with Shannon index using 

microbiome R/Bioconductor package; (b) Beta‐diversity of the gut microbiota. The beta‐diversity 

analysis was based on Bray‐Curtis distance and PERMANOVA was used for significance testing 

(adonis function in the vegan R package). 
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Figure 4. Differences were found in the abundance of three genera between the diet groups. (a) The 

gut microbiota composition of the rats at phylum level did not differ between the groups. The 

taxonomic groups were compared based on DESeq2 using phyloseq R/Bioconductor package including 

Benjamini‐Hochberg correction for multiple testing. B) Differences between the groups were found in 

the abundance of Dubosiella, Prevotellaceae NK3B31 and uncultured Christensenellaceae. The taxonomic 

groups were compared based on DESeq2 using phyloseq R/Bioconductor package including 

Benjamini‐Hochberg correction for multiple testing. CLR abundance = centered log‐ratio transformed 

abundance. * indicates statistically significant difference between the groups. 

 

3.3. Increased abundance of F. prausnitzii in the HFD+XOS group was not associated with changes in 

intestinal tight junctions or systemic inflammation 

Due to that HFD is known to compromise gut integrity and conversely, prebiotic nutrients to 

enhance it, we analyzed the expression of Tjp1 in the proximal colon. The histological analysis of the 

tight‐junctions showed no differences between the groups (Figure 5). 

 As mentioned, F. prausnitzii is reported to exert several anti‐inflammatory function and 

therefore we were interested in studying whether its’ increased abundance was associated with 

decreased systemic inflammation. Of the nine cytokines that were analyzed, only three were 

detected in rats, namely IL‐10, IL‐12 and TNFα. XOS supplementation and thus higher abundance of 

F. prausnitzii did not affect the levels of any of the three cytokines (Figure 6). TNFα was under the 

detection limit, i.e. < 2.72 pg/ml in the HFD groups, and was detected in three rats out of ten in the 

LFD groups, and thus the difference compared to the HFD groups did not reach statistical 

significance. Compared to the HFD+XOS, LFD+XOS had higher levels of anti‐inflammatory IL‐10 

(p=0.002, Figure 6), and the LFD higher than the HFD (p=0.006, Figure 6). 
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3.4. The LFD improved caecal SCFA profile and on the HFD, XOS decreased caecal isovalerate and tyrosine 

levels 

An OPLS‐DA showed a clear separation between the HFD and LFD based on the component 

t[1] (Supplementary figure S1A). The model represented a high goodness of fit (R2X(cum)= 0.552 and 

R2Y(cum)= 0.9), and optimum predictive ability (Q2= 0.841). The metabolites responsible for the 

separation of the HFD and LFD were identified by combining the information from S‐loading plot 

(Figure S1B), column loading plot and Variable Importance in Projection (VIP) data. The details and 

comparisons are compiled in the Supplementary tables 1 and 2. The unsupervised PCA did not 

differentiate between the HFD and HFD+XOS (Figure S2) or between the LFD and LFD+XOS (Figure 

S3). The LFD was characterized by higher caecal levels of SCFAs (Table 1). The dietary fat mostly 

explained the clustering of the metabolites (Figure 7a). The HFD+XOS differed from the HFD by 

having lower caecal tyrosine (p=0.015) levels (Figure 7b). In general, XOS lowered cecal tyrosine 

level [F (1, 36) = 7.7, p = 0.009]. XOS and diet had an interactive effect on isovalerate [F (1, 36) = 6.0, p= 

0.012] being the level of isovalerate increased with LFD and decreased with HFD (Figure 7b). Several 

caecal metabolites, including the SCFAs associated negatively with hepatic triglycerides (Figure 7c). 

Metabolites that are known to boost oxidative metabolism, such as nicotinate, butyrate and 

2‐oxoglutarate positively associated with the hepatic oxidative phosphorylation and negatively with 

triglyceride content (Figure 7c). The group‐wise comparisons of the metabolites are shown in Figure 

S4. 

 

Figure 5. Intestinal Tjp1 did not differ between the diet groups. (a) The histological images were 

taken with Zeiss LSM 700 and 20x Plan‐Apochromat 20x/0.8 M27 objective. Tjp1 is shown with red 

label and DAPI in blue. The scale bar is 100 μM; (b) The bars in the graph represent the expression of 

Tjp1 counted as its intensity using Image J adjusted to the intensity of DAPI. 
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Figure 6. XOS supplementation did not affect the serum levels of IL-10, IL-12 or TNFα but the 

LFD groups had higher levels of anti-inflammatory IL-10. Compared to the HFD+XOS, LFD+XOS 

had higher levels of anti‐inflammatory IL‐10 as did the LFD compared to HFD. Serum cytokines 

were analyzed after 12‐weeks of diet intervention using 9‐plex ELISA, Quansys and Q‐View 

software. Out of nine cytokines, only the levels of three were detactable in rats. * indicates statistically 

significant difference between the groups. 

 

Figure 7. Compared to the HFD, HFD+XOS had decreased levels of caecal tyrosine and 

isovalerate. (a) Score scatter plot of the Principal Component Analysis (PCA) of caecal metabolites 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2020                   doi:10.20944/preprints202009.0241.v1

https://doi.org/10.20944/preprints202009.0241.v1


 

 

shows no major differences between the groups; (b) Tyrosine and isovalerate levels differed between 

the groups. * p<0.05, **** p<0.0001; (c) Associations of the metabolites with the hepatic triglyceride 

content and oxidative phosphorylation. The heatmap was drawn using Clustvis, a web tool for 

visualizing clustering of multivariate data (https://biit.cs.ut.ee/clustvis/). * indicates significant 

association between the variables. The colored scale bar is shown on the right, the color in the figure 

corresponds to Spearman correlation coefficient. 

 

Table 1. SCFA concentrations (mM, mean ± SEM) and acetate (A) : propionate (P) : butyrate (B) ratio 

in cecum. 

Group Acetate (A) Propionate (P) Butyrate (B) Ratio A:P:B 

HFD 16 ± 1.2 3.4 ± 0.22 0.91 ± 0.16 79:16:5 

HFD+XOS 16 ± 1.4 3.4 ± 0.29 0.96 ± 0.13 79:16:5 

LFD 22 ± 0.99 5.2 ± 0.22 2.6 ± 0.39 74:17:9 

LFD+XOS 20 ± 1.2 4.9 ± 0.26 3.0 ± 0.41 72:17:11 

 

3.5. Compared to the LFD, HFD decreased energy expenditure in rats while diet and XOS had interactive effect 

on energy expenditure 

The HFD lowered the average energy expenditure independent of the time of day [main effect of 

diet: daytime, F (1, 36) = 19.5, p < 0.001; night, F (1, 35) = 20.9, p < 0.001; Figure 8a]. XOS and diet 

had significant interactive effect on the night time lowest resting energy expenditure [F(1, 35) = 

7.9, p = 0.008] and the tendency was similar during daytime [F(1, 36) = 3.5, p = 0.071, Figure 8b]. 

That is, at night HFD lowered resting energy expenditure but XOS enhanced it, whereas in LFD, 

XOS diminished resting energy expenditure. Compared with the HFD, LFD had higher measured 

lowest, diurnal energy expenditure during 30 minutes (p=0.001, Figure 8b). At night time, the LFD 

had higher average energy expenditure than the HFD (p=0.01, Figure 8a). Consequently, the mean 

produced CO2 was higher in the LFD than HFD during daytime (p<0.001) and at night (p = 0.001, 

Figure 8c). HFD diminished CO2 production at night time the [F(1, 36) = 198.5, p < 0.001] and 

during daytime [F (1, 34) = 164.7, p < 0.001 Figure 8c]. Further, the diet had significant effect on all 

measured diurnal and nocturnal RQs, being the RQ values higher in the LFD than in HFD groups. 

The group differences are shown in the Figure 8d. In addition, the interactive effect of XOS and 

diet was significant on RQs on daytime and nighttime (p<0.001 for all, Figure 8d). 

3.6. HFD+XOS did not modulate serum clinical variables or body composition compared to the HFD 

Independent of the supplementation, the LFD groups weighed less than HFD during the diet 

intervention (Figure S5). Compared to the HFD, XOS did not affect serum levels of triglycerides, 

free fatty acids, total cholesterol, LDL, HDL, glycerol, AST or ALT (Figure S6). Neither did XOS 

influence body fat %, total fat mass, total tissue mass or the amount of epidymal or mesenteric fat, 

that were affected by the HFD. The LFD had lower serum glycerol (p=0.001) and ALT levels 

(p<0.001) than the HFD (Figure S6 & S7). The LFD also had lower body fat % (p=0.024), total fat 

mass (p=0.001), tissue mass (p<0.001), as well as epidymal (p<0.001) and mesenteric (p=0.008) fat 

mass than the HFD (Figure S7). Compared to the HFD+XOS, LFD+XOS had lower levels of serum 

glycerol (p=0.003), and ALT (p<0.001, as well as lower total fat mass (p=0.001) and tissue mass 

(p<0.001) (Figure S6 & S7). XOS and HFD had an interactive effect on the daily energy intake: XOS 

enhanced the energy intake in the HFD and diminished the energy intake in the LFD (p=0.002) 

(Figure S8). 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2020                   doi:10.20944/preprints202009.0241.v1

https://doi.org/10.20944/preprints202009.0241.v1


 

 

 

Figure 8. Compared to the HFD, LFD increased increase energy expenditure in rats, 

while XOS and diet had interactive effect of resipiratory quotient. (a) The average 

hourly energy expenditure was highest at night time in the LFD; (b) but also the lowest 

measured energy expenditure was highest in the LFD at day time; (c) HFD diminished 

production of CO2 at day time, whereas in O2 consumption no differences between the 

groups were found; (d) Respiratory Quotient (RQ) values were counted as VCO2/VO2. * 

indicates statistically significant difference (p < 0.05) between the groups. 

 

 

 

4. Discussion 

 

In this study we show that NAFLD induced by high‐fat diet in rats could be partly treated by 

targeting gut microbiota with dietary, prebiotic Xylo‐oligosaccharides (XOS). We show that 

prebiotic diet increased both in vitro and in vivo the abundance of Faecalibacterium prausnitzii, whose 

low relative abundance has been associated with high hepatic fat content in humans [24]. Here we 

challenged the rats with high fat diet or not, and with XOS supplementation or not. The hepatic fat 

and triglyceride contents were diminished in the XOS‐supplemented high fat diet group, by the XOS 

enhancing hepatic β‐oxidation and mitochondrial respiration. Our own previous study in a mice 

model suggested that NAFLD could be alleviated with administering intragastrically F. prausnitzii 

[23]. Previously, XOS has been shown to have prebiotic properties by supporting the abundance of 

beneficial bacteria, such as Lactobacilli and Bifidobacteria as well as Faecalibacterium species [36]. Yet, 

explicitly F. prausnitzii was not studied. In contrast to our present findings, by studying bacteria in a 

human colonic simulator, Christophersen et al. found that XOS decreased the growth of F. prausnitzii 

[28], which is considered as one potential next generation probiotic bacterium [37].  
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Besides the increase in F. prausnitzii abundance, surprisingly small changes in the GM 

composition of rats occurred in response to 12‐week XOS‐supplementation, and no changes in the 

integrity of gut epithelia were observed in any of the groups as revealed by immunohistological 

staining of intestinal tight junctions. The latter finding was somewhat surprising because we have 

earlier shown that F. prausnitzii administration increased intestinal Tjp1 mRNA expression [23], and 

others have shown that prebiotic oligosaccharides in general can prevent HFD‐induced impairment 

of gut permeability [38]. Independent of the dietary fat, XOS increased the abundance of 

Prevotellacaeae NK3B31 group in rats. Similarly, others have shown that increasing dietary fiber by 

pectin supplementation, the abundance of this bacterial group increased in rats [39]. To our 

knowledge, Prevotellacaeae NK3B31 has not been linked before to NAFLD. It has been shown to 

negatively associate with serum triglycerides and LDL cholesterol in type 2 diabetic rats [40] that, 

however, are frequently associated with NAFLD. Prevotella may be involved in host’s fat 

metabolism, likely through SCFAs, that they are known to produce from dietary fibers [41]. Yet, we 

did not detect higher levels of caecal SCFAs in the XOS‐supplemented rats. Dubosiella and an 

uncultured member of Christensenellaceae were as high in the LFD groups as in the HFD group 

without XOS supplementation. These were rather unexpected findings, because an obese human 

cohort has shown a decreased relative abundance of Christensenellaceae [42], and a member of this 

family, Christensenella minuta has been suggested to promote lean host phenotype [43]. However, 

interestingly in our study, XOS supplementation decreased the abundance of Christensenellaceae in 

the HFD group. 

Despite the increase in the abundance of F. prausnitzii that is considered an important 

anti‐inflammatory bacterium [21, 22], no differences in serum cytokines IL‐10, IL‐12 or TNFα were 

found in response to XOS supplementation. However, interestingly, compared to the HFD+XOS, 

LFD+XOS had higher serum levels and LFD higher than HFD of anti‐inflammatory IL‐10. This result 

is in agreement with lower levels of IL‐10 in NAFLD patients and higher levels in healthy controls 

[44]. 

Of the prebiotic fibers, alpha‐galacto‐oligosaccharides [45] and fructo‐oligosaccharides [46] 

have been shown to improve NAFLD in preclinical models, but to the best of our knowledge this 

study is the first to describe such effect for XOS. Concomitantly with the increase in F. prausnitzii, 

XOS decreased the content of hepatic triglycerides in HFD fed rats. This was explained by the XOS 

enhancing the activity of hepatic β‐HAD, mitochondrial respiratory capacity available for ATP 

production through electron flow from complex I, coupling of electron transport through complex I, 

and oxidative phosphorylation. β‐HAD is a subunit of the mitochondrial trifunctional enzyme 

subunit alpha (MTP), which catalyzes the last three steps of fatty acid β‐oxidation. Previously, 

heterozygous MTP+/− mice were shown to develop NAFLD simultaneously with a reduced rate of 

β‐oxidation [47], thus, highlighting the importance of MTP in the onset of the disease. The enhanced 

β‐oxidation, glucose oxidation and mitochondrial respiration in our study may be interrelated 

through the shared substrates or because MTP can directly interact with the NADH‐binding domain 

of complex I of the electron transfer chain [48]. 

Despite the improvements in hepatic metabolism, diet or XOS caused surprisingly small effects 

on the whole body energy expenditure and respiratory quotient. However, as expected, the HFD 

enhanced caloric intake, body weight gain and fat content compared to the LFD. Nevertheless, it is a 

limitation that we studied here only the metabolic differences between the diurnal and nocturnal 

periods, and more detailed analyses throughout the day might be needed to get more insight into 

the energy metabolism.  

On the HFD, XOS diminished the levels of caecal metabolites tyrosine and isovalerate, which 

reduction has likely contributed to the increased hepatic fat oxidation. We assume this because 

NASH patients have been shown to have higher levels of tyrosine [49] and dysregulated metabolism 

of tyrosine [50]. The consequences of the dysregulated metabolism of tyrosine are not entirely clear, 

but it has been proposed that tyrosine could enter the ketogenic pathway and be degraded directly 

to acetyl‐CoA [51]. Therefore, high tyrosine might stimulate fatty acid synthesis and thus contribute 

to lipid deposition in liver. The XOS‐induced decrease in the caecal tyrosine is possibly due to an 
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increased microbial metabolism of it [52], which may have contributed to the decreased hepatic fat 

content when less tyrosine is transported through the gut‐liver‐axis. The GM‐produced isovalerate 

could also have participated in NAFLD. This view is supported by a study, in which the GM from 

NAFLD mice and healthy mice were transplanted into germ‐free mice. The mice receiving the 

microbiota of the NAFLD mice had significantly higher faecal isovalerate levels [53]. In another 

study, faecal nicotinic acid, butyrate and 2‐oxoglutarate were associated negatively with hepatic fat 

content and positively with oxidative phosphorylation. Behind these associations may be the 

capacity of nicotinic acid to inhibit fatty acid flux from adipose tissue to liver [54]. Similarly, 

2‐oxoglutarate and butyrate are known to promote hepatic oxidative metabolism [55]. However, in 

our study, XOS did not promote butyrate production and neither did it likely affect gut permeability 

as determined from the amount of intestinal tight junctions. 

  

5. Conclusions 

 

Our study provides evidence of that commensal and health‐beneficial gut microbes, such as 

Faecalibacterium prausnitzii can be targeted with specific dietary supplements to ameliorate NAFLD 

by enhancing their natural growth in the gut. Further, we identified the enhanced hepatic oxidative 

metabolism and mitochondrial functions as the underlying gut microbiota and prebiotic‐dependent 

preventive mechanisms of NAFLD. However, our study was done in rats and it should be further 

studied in human cohorts whether our findings on XOS improving NAFLD can be extended to 

humans. 
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