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Fructose liquid and solid formulations differently affect gut integrity, 

microbiota composition and related liver toxicity: a comparative in vivo study.

Mastrocola R, Ferrocino I, Liberto E, Chiazza F, Cento AS, Querio G., Nigro D, Bitonto V, Cutrin 

JC, Rantsiou K, Durante M, Masini E, Aragno M1, Cordero C, Cocolin L, Collino M.

HIGHLIGHTS

1. Solid and liquid fructose are differently absorbed by intestinal barrier

2. Solid and liquid fructose differently affects gut microbiota population

3. Altered microbiota and AGEs accumulation disrupt intestinal barrier

4. Solid fructose absorption is linked to increased hepatic inflammasome activation. 
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Abstract34 

Despite clinical findings suggest that the form (liquid versus solid) of the sugars may significantly 35

affect the development of metabolic diseases, no experimental data are available on the impact of 36

their formulations on gut microbiota, integrity and hepatic outcomes. 37 

In the present sudy, C57Bl/6j mice were fed a standard diet plus water (SD), a standard diet plus 38

60% fructose syrup (L-Fr), or a 60% fructose solid diet plus water (S-Fr), for 12 weeks. Gut 39 

microbiota was characterized through 16S rRNA phylogenetic profiling and shotgun sequencing of40

microbial genes in ileum faecal content and related volatilome profiling.41 

Fructose feeding led to alterations of the gut microbiota depending on the fructose formulation, with 42 

increased colonization by Clostridium, Oscillospira, and Clostridiales phyla in the S-Fr group and 43 

Bacteroides, Lactobacillus, Lachnospiraceae, and Dorea in the L-Fr. S-Fr evoked the strongest44 

accumulation of Advanced Glycation End Products (AGEs) and barrier injury in the ileum intestinal 45 

mucosa, leading to increased lipopolysaccharide (LPS) levels in the portal plasma. These effects46 

were associated to a stronger activation of the LPS-dependent pro-inflammatory TLR4/NLRP3 47 

inflammasome pathway in the liver of S-Fr mice than of L-Fr mice. In contrast, L-Fr intake induced 48 

higher levels of hepatosteatosis and markers of fibrosis than S-Fr. Fructose-induced ex novo49 

lipogenesis with production of SCFA and MCFA was confirmed by metagenomic analysis.50 

These results suggest that consumption of fructose under different forms, liquid or solid, may 51

differently affect gut microbiota, thus leading to impairment in intestinal mucosa integrity and liver 52

homeostasis. 53 
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1. Introduction58 

Over the last decades, the dietary intake of fructose has rapidly increased in industrialized countries59

due to changes in dietary behaviors, such as the rise in sugar-sweetened beverages and sugar-rich 60

processed foods consumption [1, 2]. The increase in fructose consumption has been associated to 61 

higher prevalence of metabolic diseases, such as dyslipidemia, insulin resistance, high blood 62

pressure, hepatic steatosis, and nonalcoholic fatty liver diseases (NAFLD) [3, 4], which are related 63 

to the high lipogenic power of fructose [5, 6]. The peculiar lipid deposition induced by excessive 64

fructose consumption in ectopic tissues, such as liver and skeletal muscle, without significantly 65 

affecting body weight and adipose tissue mass, has been previously described [7-9].66 

Fructose is absorbed in the small intestine by the specific facilitative transporters expressed in both 67 

the apical and basolateral membrane of enterocytes [10]. After absorption, fructose is primarily 68 

metabolized in the liver which takes up at least 50% of the initial fructose flux [11].69 

The fructose intake exceeding the absorption capacity of small intestine passes to the large intestine 70 

where it becomes fermentable substrate for the microbiota. It has been reported that high fructose 71 

intake alters microbiota composition, resulting in reduced bacterial diversity and altered expression72 

of genes involved in specific metabolic pathways [12].73 

We recently demonstrated that a high fructose intake induces Advanced Glycation End Products 74 

(AGEs) accumulation in liver, contributing to increase the endogenous synthesis of fatty acids 75

(known as ex novo lipogenesis) and to intracellular lipids deposition, and evoking a pro-76

inflammatory response [13, 14]. Fructose-derived AGEs might also impair gut homeostasis, 77 

stimulating the growth of detrimental colonic bacteria (Clostridia and/or Bacteroides). So far, this 78 

hypothesis has never been investigated despite recent studies indicate that exposure to diet-derived 79 

AGEs for 2 weeks is sufficient to alter the colonic bacteria profile in humans [15]. As a80 

consequence, increased gastrointestinal permeability may allow the translocation of toxic 81 

compounds from the gut into the circulation, activating systemic immune responses and 82 

inflammatory signals.83 



Another recent intriguing finding is that liquid high-sugar diets differentially modulate feeding84 

behavior, as well as intestinal sugar transporters and hormones expression, when compared to solid 85

high-sugar diets [16]. This experimental evidence may suggest that not only the type (e.g. fructose 86

versus glucose), but also the form (liquid versus solid) of the sugars may significantly affect the 87 

development of obesity, insulin resistance and/or fatty liver disease. Despite the paucity of 88

experimental data, this topic deserves better elucidation as sweeteners, including fructose, can be 89 

ingested as both liquid and solid formulations. Unfortunately, to date, the peculiar effects of intake 90

of different forms of fructose, liquid or solid, on intestine integrity and microbiota, and hepatic 91 

outcomes have never been investigated. 92 

Hence, the present study aimed at investigating the effects of fructose-derived AGEs on gut 93 

microbiota composition and function as well as on the impact on the intestinal barrier and the 94 

following consequences on the main target organ of fructose metabolism: the liver. Most notably, 95 

the study was designed to elucidate potential toxicological differences due to the sugar96 

formulations.97 

98 

99



2. Materials and Methods100 

2.1 Animal model and procedures101

Male C57Bl/6j mice (Charles River Laboratories, Calco, Italy) of 4 weeks of age were cared in 102

compliance with the European Council directives (No. 86/609/EEC) and with the Principles of 103 

Laboratory Animal Care (NIH No. 85–23, revised 1985). The scientific project was approved by the 104

Ethical Committee of the Turin University (permit number: D.M. 94/2012-B). Mice were divided 105 

into three groups: a group fed with a standard diet and drinking tap water (SD group, n = 10), a 106

group fed with a standard diet and drinking a 60% fructose (w/vol) syrup solution (L-Fr group, n = 107 

10), and a group fed with a solid diet providing the 60% of calories from fructose and drinking tap 108 

water (S-Fr group, n = 10), for twelve weeks. Standard diet (Sniff Spezialdiäten GmbH, Soest, 109 

Germany) composition was: 62.1% of calories in carbohydrates (36.2% from corn starch, 14.9% 110 

from dextrin and 11% from sucrose), 5.1% of calories in fat, 5% of calories in fibres and 17.6% of 111 

calories from proteins. L-Fr syrup was prepared dissolving 60% of fructose in water with 3.5%112 

citric acid as preservative. S-Fr diet (Sniff Spezialdiäten GmbH, Soest, Germany) composition was: 113 

70% of calories in carbohydrates (8.9% from corn starch, 1% from sugar and 60% from fructose), 114 

10% of calories in fat, and 20% of calories from proteins. The SD and S-Fr diets provided the same 115 

amount of calories (3.85 kcal/g). The percentage of fructose has been chosen according to our116 

previous studies, in which we demonstrated that 60% fructose diet for 12 weeks was able to evoke117

significant derangements in key end-organs of metabolic diseases [14, 17, 18]. Mice of both S-Fr 118

and L-Fr groups were fed with the same amount of daily fructose intake. All groups received drink 119 

and food ad libitum.120 

Body weight and food intake were recorded weekly. Fasting glycemia was measured at the start of 121 

the protocol and every 4 weeks by saphenous vein puncture using a glucometer (GlucoGmeter, 122 

Menarini Diagnostics). Urine samples were collected for 18 hours from mice in individual 123 

metabolic cages. After 12 weeks, mice were anesthetized and sacrificed by cardiac exsanguination. 124 

Blood was collected and liver and small intestine (ileum) were rapidly removed. A portion of each 125 



tissue, liver and ileum, was cryoprotected in OCT (Optimal Cutting Temperature) compound and 126 

frozen in N2 for cryostatic preparations. Fragments from the left lateral lobe of liver and from ileum 127

tract of intestine were fixed overnight in 4% buffered formaldehyde solution for paraffin inclusion 128

and morphology evaluation. Other portions of tissues and the luminal faecal content of the ileum 129 

were frozen in N2 and stored at -80°C for analysis.130

131 

2.2 Plasma analyses132

Plasma and tissue triglyceride levels (TG) were determined by standard enzymatic procedures using 133 

reagent kits (Hospitex Diagnostics, Florence, Italy). Plasma insulin level was measured using an 134 

enzyme-linked immunosorbent assay (ELISA) kit (Mercodia AB, Uppsala, Sweden). Plasma LPS 135 

levels were determined by Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo 136 

Scientific, Waltham, MA, USA). After incubation of samples with Limulus Amebocyte Lysate 137 

(LAL), chromogenic substrate and stop reagent, we measured absorbance at 410 nm.  138 

139 

2.3 Urine analysis140 

Glucose and fructose urinary concentrations were determined by gas chromatography coupled with 141 

mass spectrometric detection (GC-MS) after suitable derivatization. Urine samples were submitted 142 

to derivatization consisting of oximation/silylation according to a reference protocol [19]: 200 µL of 143

urine and internal standard (p-Chlorophenylalanine 10 g/L)  were diluted with methanol and 144

carefully mixed (Whirlimixer vortex, Fisher Scientific, Loughborough, Leicestershire, UK). Then, 145 

30 µL of MOX were added to 20 µL of that solution and incubated for 2 hours at 60°C. Next, 30 µL 146 

of MSTFA were added and incubated at 100 °C for 60 minutes. The resulting sample was diluted in 147 

dichloromethane and immediately analyzed in duplicate or stored at -80°C until analysis.148 

Quantitation was done by external standard calibration according to a previous study [20].149 

GC-MS analyses were run with an Agilent 6890 GC unit coupled to an Agilent 5975C MS detector 150 

(Agilent, Little Falls, DE, USA) operating in EI mode at 70 eV. The GC transfer line was set at 151 



300°C. An Auto Tune option was used and the scan range was set to m/z 50-350 with a scanning152 

rate of 2,500 amu/s. The column consisted of a 30 m × 0.25 mm dc df SE52 (95% 153

polydimethylsiloxane, 5% phenyl) from Mega (Legnano, Milan, Italy). The carrier gas was helium 154

delivered at constant flow of 1.2 mL/min. Injection was by split/splitless injector, split mode, split 155 

ratio 1/20, injector temperature 280°C, and injection volume 2µL. The oven temperature 156

programme was 80°C (1 min) to 300°C (10 min) at 4.0°C/min.157 

158

2.4 Histological analysis159 

2.4.1 Hematoxylin/eosin staining and histology score on liver sections160 

Liver and ileum mucosa morphology was evaluated by standard hematoxylin/eosin (H&E) staining 161 

on de-waxed 5 µm sections. The NAFLD activity score (NAS) evaluating the grade of steatosis, the 162 

umber of inflammatory foci, the presence of ballooning, and the fibrosis staging has been performed 163 

as described by Kleiner et al. [21] paralleled by the histology activity index of damage (HAID), a164 

semi-quantitative necro-inflammatory grading based in the Knodell score system [22] which 165 

evaluates the degree of periportal interface hepatitis, focal lytic necrosis, apoptosis, and focal 166 

inflammation. Histologic scores have been performed on ten fields at 200x magnification per liver 167 

section by a blinded pathologist.168 

2.4.2 Oil Red O staining169

Liver lipid accumulation was evaluated by Oil Red O staining on 7 µm ileum cryostatic sections. 170

Stained tissues were viewed under an Olympus Bx4I microscope (X10 magnification) with an 171 

AxioCamMR5 photographic attachment (Zeiss, Gottingen, Germany).172 

2.4.3 Indirect immunofluoresce173 

Indirect immunofluorescence on 7 m cryostatic sections was performed for intestinal expression 174 

and localization of GLUT-5, both intestinal and hepatic expression and localization of GLUT-2, as 175 

well as intestinal CML, CEL, and RAGE expression. Sections were blocked for 1 h with 3% BSA 176 

in PBS added with unconjugated goat anti-mouse IgG (Sigma Chemical Co., St. Louis, MO, USA)177 



to prevent interferences between endogenous mouse IgG and secondary antibody against mouse 178 

IgG. Sections were then incubated overnight with primary antibodies: rabbit anti-GLUT-2 (Santa 179

Cruz Biotechnology, Dallas, Texas, USA), mouse anti-CML (R&D Systems, Inc. Mineapolis, MN, 180

USA), mouse anti-CEL (TransGenic Inc., Kobe, Japan),  and mouse anti-RAGE (Abcam), and 181 

subsequently for 1 h with Cy3-labeled secondary antibody (Sigma Chemical Co.). Negative controls 182

were prepared incubating sections only with secondary antibodies. Nuclei were stained with 183 

Hoechst dye and sections were then examined using a Leica Olympus epifluorescence microscope 184

(Olympus Bx4I) with a photographic attachment. CML, CEL and RAGE immunoreactivity has 185 

been quantified by using Image J software (NIH).186 

187 

2.5 Intestinal alkaline phosphatase (IAP) activity188 

Alkaline phosphatase activity has been detected in ileum protein extracts with SensoLite pNPP189 

Alkaline Phosphatase colorimetric assay kit (AnaSpec Inc, Fremont, CA, USA) following 190 

manufacturer’s instructions for kinetic reading.191 

192 

2.6 Gene and protein expression analysis193

2.6.1 Preparation of tissue extracts194 

Cytosolic and nuclear extracts from livers were prepared as previously described [23]. Total protein 195

from intestinal tissue was obtained by the AllPrep® DNA/RNA/protein Kit (Qiagen) and protein 196

content was determined using the Bradford assay (BioRad, Hercules, CA, USA). 197 

2.6.2 Western blotting 198 

Equal amounts of proteins were separated by SDS-PAGE and electrotransferred to nitrocellulose 199 

membrane (GE-Healthcare Europe, Milano, Italy). Membranes were probed with mouse anti-CML 200 

(R&D Systems), rabbit anti-SCAP (Abcam), rabbit anti- SREBP1 (Abcam), rabbit anti-ACC (Cell 201 

Signaling Technology, Danver, MA, USA), mouse anti-FASN (Santa Cruz Biotechnology, Dallas, 202 

Texas, USA), rabbit anti-NLRP3 (Abcam), rabbit anti-caspase-1 (Abcam), mouse anti-IL-203 



Cruz Biotechnology), rabbit anti-TGF- (Abcam), rabbit anti-SMAD (Cell Signaling), rabbit anti-204

pSMAD (Cell Signaling), rabbit anti-fibronectin (Abcam), rabbit anti-vimentin (Cell Signaling), rat 205

anti-ZO-1 (Santa Cruz), mouse anti-occludin (Santa Cruz), mouse anti-TLR-4 (Santa Cruz), mouse 206 

anti-MyD88 (Santa Cruz), and rabbit anti-IRAK1 (Santa Cruz) followed by incubation with 207

appropriated HRP-conjugated secondary antibodies (Sigma).208

Proteins were detected with Clarity Western ECL substrate (BioRad) and quantified by 209 

densitometry using analytic software (Quantity-One, Bio-Rad). Results were normalized with 210

respect to densitometric value of mouse anti-GAPDH (Santa Cruz Biotechnology) for cytosolic and 211 

total proteins, and mouse anti-histone H3 (Abcam) for nuclear proteins. 212 

2.6.3 Real- time PCR (RT-PCR)213 

Total RNA was isolated from ileum and liver tissue samples. Briefly, tissue samples were collected 214 

in Allprotect Tissue Reagent and stored at -80 °C. Total RNA was then obtained by the AllPrep® 215 

DNA/RNA/protein Kit and reverse transcribed into cDNA (complementary DNA) reaction 216 

volume, using the QuantiTect® Reverse Transcription Kit. Quantitative RT-PCR was performed for 217 

specific genes (GLUT-2, GLUT-5, occludin, and ZO-1) using the SsoFast™ EvaGreen. The 218 

transcript of the reference gene ribosomal 18s RNA (RNR18) was used to normalize mRNA data, 219 

and real-time PCR was performed by a MiniOpticon™ Real Time PCR system (Bio-Rad). The PCR 220 

protocol conditions were as follows: HotStarTaq DNA polymerase activation step at +95 °C for 30 221 

sec, followed by 40 cycles at +95 °C for 5 seconds and +55 °C for 10 sec. All runs were performed 222 

with at least three independent cDNA preparations per sample and all samples were run in 223 

duplicate. At least two non-template controls were included in all PCR runs. The quantification data 224 

analyses were performed using the Bio-Rad CFX Manager Software version 3.0 (Bio-Rad) 225 

according to the manufacturer’s instructions.226 

227 

2.7 Microbiota analysis 228 

2.7.1 Samples preparation and DNA extraction. 229 



To reduce the inter-sample variability a pool of the faecalileum content samples from each dietary 230 

intervention was obtained (three samples pools). The faecal samples pool (100 mg) were 231

homogenized and washed twice in 500 L of PBS (Phosphate-Buffered Saline, pH 7.4) and DNA 232

extraction was carried out by using MasterPure Complete DNA & RNA Purification kit (Illumina, 233 

San Diego, California). RNA was removed by a treatment with RNase (Ambion, Foster City, 234

California) for 45 min at 37 °C. The Qubit and the Qubit DNA Assay kit (Life Technologies, 235 

Carlsbad, California) were used for quantification.236

2.7.2 16S rRNA phylogenetic profiling and shotgun sequencing of microbial genes237 

The microbial diversity was studied by high throughput amplicon target sequencing of the amplified 238 

V3–V4 region of the 16S rRNA as reported elsewhere (Klindworth et al., 2013). The PCR products 239 

were purified by means of an Agencourt AMPure kit (Beckman Coulter, Milan, Italy), and the 240 

resulting products were tagged by using the Nextera XT Index Kit (Illumina). Sequencing was 241 

performed with a MiSeq Illumina instrument with v3 chemistry and generated 250 bp paired-end 242 

reads. The software used for the base-calling and Illumina barcode demultiplexing processes, were 243 

the MiSeq Control Soft. V2.3.0.3, the RTA v1.18.42.0 and the CASAVA v1.8.2. 244 

DNA directly extracted from faecal samples was then subject to shotgun sequencing. Shotgun 245 

libraries were fragmented and tagged with sequencing adapters by using the TruSeqDNA library 246 

preparation kit (Illumina). Shotgun sequencing was performed with a NextSeq 500 platform 247

(Illumina) according to the manufacturer’s instructions, by G4L company (Salerno, Italy) and 248

generated 100 bp paired-end reads.249 

2.7.3 Bioinformatics and data analysis250 

16S rRNA amplicon reads were analyzed by using QIIME 1.9.0 software (Caporaso et al., 2010).251 

OTUs defined by a 97% of similarity were picked using the uclust pipeline and the representative 252 

sequences were submitted to the RDPII classifier to obtain the taxonomy assignment and the 253 

relative abundance of each OTU using the Greengenes 16S rRNA gene database. The whole 254 

metagenome data analysis was carried out as follows: raw reads quality (Phred scores) was 255 



evaluated by using the FastQC toolkit (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 256 

The raw sequences were trimmed to Qscore of 20 with the SolexaQA++ software (Cox et al., 2010).257

Duplicate sequences and sequences less than 50 bp were discarded by using Prinseq (Schmieder and 258

Edwards, 2011). The obtained trimmed reads were then mapped to the draft genome of Mus 259 

musculus (ftp://ftp.ncbi.nlm.nih.gov/genomes/Mus_musculus/Assembled_chromosomes) by using 260

Bowtie2 (Langmead and Salzberg, 2012) in end-to-end, sensitive mode. Clean reads were aligned 261 

against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database version April 2011 by 262

using Bowtie2 software in end-to-end, sensitive mode. The number of reads uniquely mapped to 263 

each gene in the KEGG database was extracted by using SAMtools and normalized to total read 264 

mapped to the whole catalogue.265 

The metabolic reconstruction of the mice faecal microbiota was performed as follow: clean non host 266 

reads were then assembled with SPAdes v3.10.0 [24] and comparison of assemblers was performed 267 

by using QUAST v4.1 [25]. Each contig was run through an automated gene annotation pipeline 268 

utilizing MetaGeneMark. The predicted genes were then aligned against the NCBI-NR database by 269 

using blastx in order to obtain the gene annotation. The number of reads mapped to each gene were 270 

then used for the metabolic pathways reconstruction based on the Kyoto Encyclopedia of Genes and 271 

Genomes (KEGG) version April 2011 and visualized by using MEGAN software v5.272 

The functional gene count table was internally normalized in MEGAN by checking the “use 273

normalized count” option. Rarefaction analysis was performed based on the leaves of the tree in 274

MEGAN. 275 

2.7.4 Sequences accession numbers. 276 

The 16S rRNA and the metagenome sequences are available at the Sequence Read Archive (SRA) 277 

of the National Center for Biotechnology Information (NCBI) under accession numbers SRP100599 278 

and SRP100623, respectively.279 

280 

2.8 Faecal volatilome profiling 281 



2.8.1 Volatiles sampling by Head Space Solid-Phase Micro Extraction (HS-SPME): devices and 282 

conditions283

HS-SPME analysis were carried out on a GC×GC system coupled with a time of flight mass 284

spectrometer (TOF-MS) operating in tandem ionization mode.SPME fibers, 285 

Divinylbenzene/Carboxen/ Polydimethylsiloxane (DVB/CAR/PDMS) df 50/30 m - 2 cm were 286

from Supelco (Bellefonte, PA, USA). Fibers were conditioned before use as recommended by the 287 

manufacturer. The standard-in-fiber procedure was adopted to pre-load the ISTD ( -thujone) onto 288

the fiber before sampling. 5.0 µL of ISTD solution (100 ppm) were placed into a 2 mL glass vial 289 

and submitted to HS-SPME at 70°C for 10 min. Faecal samples were exactly weighted (10 mg) in 290 

glass vials (2.0 mL) and submitted to manual HS-SPME sampling. After ISTD loading step, the 291 

SPME device was exposed to the sample headspace for 30 min at 70°C. Extracted analytes were 292 

recovered by thermal desorption of the fiber into the S/SL injection port of the GC×GC system at 293 

250°C for 5 min. Each sample was analyzed in triplicate.294 

2.8.2 GC×GC-TOF-MS instrument set-up and analytical conditions295 

GC×GC analyses were performed on an Agilent 6890 GC unit coupled with a Markes BenchTOF-296 

Select and Select-eV® option (Markes International Ltd, Llantrisant UK) operating in the EI mode 297 

at 70 and 12 eV. The transfer line was set at 250°C. TOF scan interval was set at m/z 35-350 with 298 

50 Hz of sampling frequency for each ionization channel. The system was equipped with a two-299

stage KT 2004 loop thermal modulator (Zoex Corporation, Houston, TX) cooled with liquid 300

nitrogen and controlled by Optimode™ V.2 (SRA Instruments, Cernusco sul Naviglio, MI, Italy). 301 

Hot jet pulse time was set at 250 ms, modulation time was 4s and cold-jet total flow progressively 302 

reduced with a linear function from 40% of Mass Flow Controller (MFC) at initial conditions to 8% 303 

at the end of the run. A deactivated fused silica capillary loop (1 m × 0.1 mm dc) was used. The 304 

column set was configured as follows: 1D SolGel-Wax column (100% polyethylene glycol) (30 m × 305 

0.25 mm dc, 0.25 m df) from SGE Analytical Science (Ringwood, Australia) coupled with a 2D306 



OV1701 column (86% polydimethylsiloxane, 7% phenyl, 7% cyanopropyl) (1 m × 0.1 mm dc, 0.10 307 

m df), from J&W (Agilent, Little Falls, DE, USA). 308

SPME thermal desorption into the GC injector port was under the following conditions: 309

split/splitless injector in split mode, split ratio 1:20. Carrier gas was helium at a constant flow of 1.2 310 

mL/min. The oven temperature program was: from 40°C (1 min) to 200°C at 3°C/min and to 250°C 311

at 10°C/min (5 min). The n-alkanes liquid sample solution for Linear Retention Indices 312 

determination (IT
S) was analyzed under the following conditions: split/splitless injector in split 313

mode, split ratio 1:50, injector temperature 250°C, injection volume 1 µL.314 

2.8.3 Data acquisition and data elaboration 315 

Data were acquired by Markes TOF-DS software (Markes International Ltd, Llantrisant UK) and 316 

processed by GC Image® GC×GC Edition Software, Release 2.6 (GC Image, LLC Lincoln NE, 317 

USA). Statistical analysis was performed with XLstat (Addinsoft, New York, NY USA). Targeted 318 

analysis focused on 59 compounds identified by matching their EI-MS fragmentation pattern (NIST 319 

MS Search algorithm, ver 2.2, National Institute of Standards and Technology, Gaithersburg, MD, 320 

USA, with Direct Matching threshold 900 and Reverse Matching threshold 950) with those 321 

collected in commercial (NIST2014 and Wiley 7n) and in-house databases. As a further parameter 322 

to support identification, IT
S were considered and experimental values compared to the tabulated 323 

ones. The list of identified analytes, retention times in the two chromatographic dimensions, 324

experimental and tabulated IT
S, average Normalized 2D Volume and relative standard deviation (3 325

analytical replicates) 326 

is provided as supplementary material (Supplementary Table 2S and Supplementary Figure S2)327 

together with contour plots of volatile fractions from L-Fr, S-Fr and SD diet faecal samples.328 

329 

2.9 Statistical analysis330 

The Shapiro-Wilk test was used to assess the normality of the variable distributions. One-way 331 

ANOVA followed by Bonferroni’s post-hoc test was adopted for comparison among the four 332 



groups of animals. Data were expressed as mean standard deviation. Threshold for statistical 333

significance was set to P<0.05. Statistical tests were performed with GraphPad Prism 6.0 software 334

package (GraphPad Software, San Diego, CA, USA).335 

336

2.10 Materials 337 

All compounds were purchased from Sigma Chemical Co. (St. Louis, MO, USA), unless otherwise 338 

stated.339

340 



3. Results.341 

3.1 General parameters.342

After twelve weeks of dietary intervention, the mice exposed to liquid fructose drink (L-Fr) and the 343

mice fed with the solid fructose diet (S-Fr) showed a significant increase in plasma fasting glucose 344 

and insulin levels, while a slight increase in liver weight was recorded in the L-Fr group, when 345

compared to the control group (Tab. 1). However, these effects were not associated with significant 346 

changes in body weight gain and serum TG levels.347

As reported in Table 2, the L-Fr group markedly reduced solid food intake to compensate the 348 

calories introduced with the fructose syrup. Thus, the total calories intake was not different among 349 

groups. Similarly, no statistically significant differences were recorded in terms of daily intake of 350 

fructose among groups.351 

352 

3.2 Fructose-induced translocation of GLUT-2 and fructose urinary excretion.353 

In intestine of mice exposed to S-Fr or L-Fr no differences in both mRNA expression or localization 354 

of the fructose specific transporter GLUT-5 were detected (Fig. 1A), while a stronger expression of 355 

the glucose/fructose transporter GLUT-2 in the apical membrane was observed, when compared to 356 

intestine from SD mice, with maximal effect in the S-Fr group (Fig. 1B). Also in the liver, the 357 

GLUT-2 was expressed at the level of the plasma membrane according to an active uptake of sugars 358

by the hepatocytes, with no apparent differences between the two fructose groups (Fig. 1C).359

Interestingly, the fructose-induced increase in intestinal GLUT-2 apical expression was associated 360 

with higher levels of urinary excretion of fructose, but not glucose, detected in both groups of 361 

fructose mice when compared to SD, thus confirming that fructose was efficiently absorbed by 362 

intestine. However, the urinary concentration of fructose was higher in the L-Fr group than in the S-363 

Fr, indicating that fructose was more rapidly transferred by enterocytes to the plasma through 364 

basolateral transport in the liquid form (Tab. 1).365 

366 



3.3 Liquid and solid formulations of fructose differently altered microbial community profile.367 

Concerning gut microbiota, we performed amplicon based sequencing of the 16S rRNA and 368

shotgun metagenomic sequencing on faecal ileum content of SD and fructose-exposed mice to 369

examine in depth the effects of the two different forms of fructose on intestinal microbiota370 

composition and function. A total of 56.023 raw reads (2x250bp) were obtained after sequencing. 371

After joint, a total of 54.050 reads passed the filters applied through QIIME, with an average value 372 

of 18.674 reads/sample, and a sequence length of 456 bp. The rarefaction analysis and the estimated 373

sample coverage indicated that there was a satisfactory coverage for all the samples (ESC average 374 

99%). Moreover, alpha-diversity also showed that there was a higher level of complexity in S-Fr,375 

when compared to L-Fr. Accordingly, the ß-diversity through weighted UniFrac distance matrices 376 

indicated a clear separation between the diets (P < 0.01).377 

Regarding the main operational taxonomic units (OTUs), defined at the genus or phylum level, 378 

filtered for OTUs presence > 0.2 % (Fig. 2), a remarkable individual variability of abundance was 379 

observed. S-Fr sample showed higher abundance of Clostridium (18% of the relative abundance), 380 

Oscillospira (6.2%) and Clostridiales phylum (32%). Mice fed with L-Fr displayed the highest 381 

abundance of Bacteroides (12%), Lactobacillus (44.8), Lachnospiraceae (7.25%), and Dorea382 

(0.37%). Control samples were characterized by the presence of Allobaculum (21% of the relative 383 

abundance), Gemella (4%) and Parabacteroides (6%) (Fig. 2).384

Regarding the minor OTUs fraction (< 2%), L-Ruminococcus, Coprococcus and R-Ruminococcus385

were higher in mice fed with fructose compared to standard diet. In detail, the shift in the OTUs 386 

composition resulted in an overall decrease in the Firmicutes/Bacteroidetes ratio in mice fed with 387 

fructose and the L-Fr diet showed the lowest ratio value.388 

389 

3.4 Metagenomic data: comparative analysis between solid and liquid formulations of fructose390 

Raw reads of 29.62 Mbp were generated, which yielded 4.93 Mbp/sample. After quality trimming 391 

and host sequence removal, 1.75 Mbp of clean reads were analyzed and an average of 2.333.932 392 



reads/sample were obtained. Faecal samples displayed high proportions of reads of host origin due 393 

to the higher abundance of mammalian cell and the low microbial biomass. A de novo assembly 394

generated 439 contigs of more than 1000 bp in length, with an average N50 of 758 bp. To obtain the 395

metabolic reconstruction of the mice faecal microbiota, we classified the predicted genes by 396 

aligning them to the integrated NCBI-NR database of non-redundant protein sequences. The 397

predicted genes identified were 20,972, 40% of which were assigned to KEGG pathways by 398 

MEGAN. Rarefaction curves obtained through MEGAN were used to determine genes abundance 399

richness, revealing that metagenomic diversity was well represented (data not shown), although400 

mice fed with SD showed a lower diversity in genes abundance compared to fructose added diets.401 

By performing the functional characterization and gene classification of the shotgun sequence reads 402 

against the KEGG database and the MetaHIT gene catalogue, we detected 2,629 KEGG orthologue 403 

(KO) genes and the relative abundance of each KO term was calculated based on the total read of 404 

the included catalogued reference genes, normalized to total read mapped to the whole catalogue. 405 

The L2 KEGG categories aminoacid metabolism was found most abundant in L-Fr samples. On the 406 

other hand S-Fr showed high abundance of genes related to carbohydrate and energy metabolism, in 407 

particular genes belonging to aminosugar, fructose and galactose metabolism (Fig. 3). However, 408 

genes related to glycolysis, tricarboxylic acids (TCA) and pyruvate metabolism were clearly 409 

associated with L-Fr diet.410

The metabolic reconstruction of the faecal metagenomes displayed the complete biosynthetic 411

pathways for leucine, isoleucine and valine, and data indicated that the main routes for the synthesis 412 

of those branched chain aminoacids (BCAAs) were from pyruvate pathways. Going more in depth413 

into the metagenome content key enzymes responsible for the biosynthesis of BCAAs were found 414 

most abundant in L-Fr diet compared to the other diets: BCAA aminotransferase [EC:2.6.1.42) can 415 

lead to the interconversion between 4-Methyl-2-oxopentanoate to leucine and valine and it can 416 

drive the formation of isoleucine from 3-Methyl-2-oxopentanoate (Suppl Figure 1S; Suppl Table 417 

1S).418 



Regarding the ex-novo biosynthesis of fatty acid (SCFA and MCFA) mice fed with fructose showed 419 

the highest counts of key genes for the production of butanoate from acetyl-CoA route (butyrate 420

kinase [EC:2.7.2.7]), propanoate from TCA route (acetate kinase [EC:2.7.2.1]) and MCFA 421

(medium-chain acyl-hydrolase [EC:3.1.2.21]) (Suppl Figure 1S; Suppl Table 1S). In particular 422 

butyrate kinase was found most abundant in S-Fr diet and boosted the production of 1-butanol as 423

confirmed by GC×GC-TOF-MS data. In addition, many genes related to peptidoglycan biosynthesis 424 

(ko00550) via aminosugar metabolism route were predominantly associated with fructose diet and 425

in particular with L-Fr.426 

427 

3.5 Solid and liquid formulations of fructose evoke different changes in faecal volatilome 428 

fingerprints.429 

Faecal volatilome is influenced by several factors including the gut microbiota composition thereby 430 

its fingerprint is suggestive of metabolic changes induced and/or caused by microbial activity. The 431 

faecal volatiles here detected by GC×GC-TOF-MS are listed in the Table S4 and include: 432 

hydrocarbons, alcohols (short-chain and long-chain alcohols derived from acids reduction), 433 

carbonyl derivatives (aldehydes and ketones) short-chain fatty acids (acetic, propionic, butyric 434 

above all), branched-chain fatty acids, aromatic compounds (including heterocycles) and 435 

monoterpenoids.436

The relative distribution of faecal volatiles between samples proved to be informative as illustrated 437

by the heat map of Fig. 4 where clustering is clear between diet regimens (SD vs. fructose enriched 438 

diets) and for compound classes that result up- or down- regulated (blue or red spots). Above all, 439 

butyric and propanoic acid esters (butyl butanoate, 2-methylbutyl propanoate, 1-butanol-3-methyl 440 

propanoate) were up-regulated in fructose enriched diets (blue spots in the heat-map for L-Fr and S-441 

Fr samples) while free SCFAs (acetic, propanoic and butanoic acids) were more abundant in the SD 442 

mice. 443 



Analytes with a relative standard deviation higher than the analytical repeatability were submitted 444 

to pairwise t-test ( =0.05) and those with a higher informative role (marked with a star) are shown 445 

in Fig. 5 where faecal volatilome signatures of L-Fr and S-Fr diets were compared to the SD diet. 446 

Positive coefficient of variations (CV%) indicate analytes up-regulation in fructose enriched diets 447

while negative values relate to those analyte that were more abundant in mice fed by SD diet. Red 448

bars correspond to analytes just revealed in specific populations. Interestingly, fructose intake up-449 

regulated the release of SCFAs esters; in particular S-Fr induced a higher production of butyl 450

acetate and 2-methylbutyl propanoate while L-Fr concurred also to increase butyl butanoate. On the 451 

other hand, SD mice faecal signatures were connoted by higher amounts of linear and branched 452

chain alcohols (2-propyl heptanol, hepten-3-ol, hexanol, heptanol and octanol); several carbonyl 453 

derivatives (linear saturated aldehydes - hexanal, heptanal, octanal, nonanal - and ketones -2,3-454 

pentanedione and 2-pentanone the latter detected only in SD samples). Meaningful differences in 455 

volatiles signatures (analytes marked with the asterisk P<0.05) suggest different microbial 456 

metabolism induced by diets.457 

458 

3.6 Liquid fructose evoked the highest levels of lipid synthesis/accumulation in the liver and 459 

accelerated liver fibrosis.460

In order to evaluate the metabolism of fructose in the liver, we analyzed the activation of the 461 

lipogenenis regulated by the Sterol Regulatory Element Binding Protein (SREBP) 1c and the 462 

SREBP Cleavage Activating Protein (SCAP) signaling pathway. In the liver of both L-Fr and S-Fr 463 

mice, SCAP was upregulated, reaching statistical significance only in L-Fr group (Fig. 6A). 464 

Accordingly, the hepatic levels of the nuclear active form of the transcription factor SREBP1c were465 

significantly increased only in the liver of the L-Fr group. In the liver of S-Fr mice, the cytosolic 466 

inactive form of SREBP1c was prevalent with respect to the nuclear form, indicating a limited 467 

nuclear translocation and, thus, activation of the lipogenic pathway when compared to L-Fr mice 468 

liver (Fig. 6B). In keeping with the increased SREBP1c activation, a significant up-regulation of its 469 



main target genes, acetyl Coenzyme A carboxylase (ACC) and fatty acid synthase (FAS), was 470 

recorded in L-Fr mice compared to both SD and S-Fr diet mice (Fig. 6C). 471

As consequence of increased ex novo lipid synthesis, L-Fr mice showed a significantly higher TG 472

liver deposition with respect to both SD and S-Fr mice (Table 1). Consistently, Oil Red O staining 473 

of liver slices revealed a marked steatosis in both groups of mice exposed to fructose, compared to 474

SD, with widely diffused microvescicular steatosis in L-Fr mice, and more focal steatosis associated 475 

to ballooning and immune cells infiltration in S-Fr mice (Fig. 6D).476

When we evaluated the degree of fibrosis through the expression analysis of early specific markers, 477 

we found that transforming growth factor (TGF)- inducer of fibrogenesis (Fig. 7A), small 478 

mother against decapentaplegic (SMAD), a mediator of TGF- . 7B), 479 

fibronectin and vimentin, fibrillary components of extracellular matrix (Fig. 7C) were markedly 480 

upregulated in L-Fr, compared to SD mice, while only SMAD and fibronectin were significantly 481 

increased also in the S-Fr group (Fig. 7A-C). Finally, NAS score on liver H&E stained sections 482 

indicated that both groups of mice fed the high fructose developed a relevant grade of steatosis, 483 

whereas the S-Fr group only presented a significant grade of inflammation and ballooning, 484 

compared to SD mice. Macroscopic signs of fibrosis have been observed only in few liver samples 485 

from the S-Fr group, indicative of a preliminary stage of fibrosis. In addition, the HIAD score 486 

indicated the presence of hepatocytes cytolysis induced by the fructose feeding, and confirmed the 487

highest degree of inflammation in the liver of the S-Fr group (Fig. 7D).488

489 

3.7 Solid fructose induced the highest AGEs accumulation in the mouse gut490 

Fructose-administered mice showed an increased accumulation of the major AGEs, N(epsilon)-491 

(carboxymethyl)lysine (CML) and N(epsilon)-(carboxyethyl)lysine (CEL) , in intestinal mucosa492 

revealed by immunofluorescence. In particular, a higher accumulation of CML and CEL was 493 

detected in the villus axis and basal membranes of S-Fr mice than L-Fr groups. As consequence of 494 

AGEs accumulation, we observed an induction of AGE-receptor (RAGE) expression in the crypts 495 



in correspondance to lymph nodes in fructose-fed mice, as shown by immunofluorescence analysis496 

(Fig. 8A) and related quantification (Fig. 8B). These findings were confirmed by western blotting 497

analysis, showing a significantly increased expression of CML-glycated proteins in the gut S-Fr 498

mice (Fig. 5C)499 

500

3.8 Solid fructose impaired gut integrity leading to increased hepatic NLRP3 inflammasome 501 

activation.502

In order to evaluate whether the increased protein glycation and expression of RAGE were related 503 

to intestinal mucosa damage and inflammation, we tested the impact of different fructose 504 

formulations on key components of the tight junctions (TJ) expressed in the ileum, as well as on the 505 

portal and systemic plasma levels of LPS, a marker of loss of intestinal integrity and systemic 506 

diffusion of pro-inflammatory microbial components. Our results clearly showed that mRNA 507 

expression of the epithelial TJ markers occludin and zona occludens (ZO)-1, in the ileum regions 508 

was moderately decreased in the mice under L-Fr feedings and markedly suppressed in the mice 509 

under S-Fr feeding (Fig. 9A and 9B). The reduced mRNA expression of ZO-1 and occluding in S-510 

Fr mice was confirmed when proteins were measured by Western blot analysis (Fig. 9C and 9D). 511 

Since TJ maintain enteral epithelial barrier, their robust defect in S-Fr mice is suggestive of gut 512 

impairment and it correlates well with the massive increase in both portal plasma and systemic513

levels of LPS recorded in S-Fr compared to SD. In contrast, only a slight but not significant 514

increase in LPS concentration was detected in L-Fr (Fig. 9E and 9F). The massive increase in LPS 515 

concentration in S-Fr was paralleled by a significant increase of the intestinal alkaline phosphatase 516 

(IAP), a brush–border protein involved in the LPS detoxifying cascade (Fig. 9G). However, no517 

significant alterations of mucosa morphology in mice exposed to fructose were detectable by light 518 

microscopy (Fig. S3), thus indicating an early stage of impairment of the integrity of the ileal 519 

mucosal lining.520 



We then evaluated the distal (hepatic) activation of one of the best-characterized LPS-dependent521 

inflammatory pathway, the NLRP3 inflammasome. One of the main receptor mediating LPS-522

induced NLRP3 activation is the TLR-4. In the liver of the fructose-fed mice we detected increased 523

protein levels of TLR-4, reaching highest upregulation in the S-Fr group. The involvement of 524 

TLR4 receptor was confirmed by the robust overexpression of the adapter protein myeloid 525

differentiation response gene (MyD) 88, that cluster within TLR4 to recruit IL-1 receptor-associated 526 

kinase (IRAK) 1, whose expression was massively increased in the liver of S-Fr mice (Fig. 10A-C).527

Consistently, the main component of the inflammasome platform, the NLRP3 protein, was 528 

upregulated in the liver of high fructose fed mice compared to SD, reaching highest levels in S-Fr 529 

group (Fig. 10D). Also the NLRP3 downstream signaling, namely the rate of caspase-1 activation,530 

was significantly higher in the S-Fr (Fig. 10E) than in the L-Fr mice livers. Accordingly, expression 531 

of the active IL-1 was markedly upregulated only in the S-Fr mice liver (Fig. 10F). 532 



4. Discussion533 

Several experimental studies have already demonstrated that diet composition plays an important 534

role in the development of metabolic derangements [26, 27]. Besides, an increasing body of 535

literature highlights a tight relationship between nutrients and modifications of the intestinal barrier 536 

and microbiota that can potentially interfere with systemic metabolism and health [28, 29]. Here we 537

confirmed and further extended previous findings on the detrimental effects associated to chronic 538 

exposure to high fructose intake, leading to hyperglycemia and liver toxicity. Most notably, we 539

performed a comparative study on the toxicological impact of different formulations (liquid versus 540 

solid forms) of the same dietary component. This in an important and topical issue, unfortunately541 

largely unexplored. In fact, sugar sweetened beverages are thought to contribute to weight gain 542 

because beverages appear to suppress appetite and energy intake less than solid foods [30].543 

However, most recent findings show that some high-energy snack foods may deliver the same level 544 

of satiation as a sugar-containing beverage [31], thus suggesting that the identification of the range 545 

of effects evoked by either liquid or solid foods is still controversial. In our experimental model,546 

liquid fructose intake was associated with reduced solid food consumption, resulting in no 547 

significant difference in the total caloric intake between the two fructose dietary manipulations.548 

Thus, differences here recorded between the two fructose groups were due to formulations only not 549 

being affected by impairments in net energy stores and/or amount of fructose intake. Despite we did 550

not highlight any behavioral and physical alterations among the groups, we cannot rule out that a 551

decrease in solid food intake might affect outcomes by under nourishing of animals with essential 552 

micronutrients.553 

Interestingly, here we demonstrated, for the first time, that the fructose formulation affects its 554 

absorption by the small intestine, leading to different outcomes in liver metabolism. After ingestion, 555 

fructose is absorbed in the small intestine by the apical membrane of enterocytes through the 556 

GLUT-5 facilitative transporter, and is then transferred to the blood by the GLUT-2 transporter557 

located in the basolateral membrane [32]. High concentrations of fructose in the intestinal lumen 558 



may stimulate the translocation of GLUT-2 to the apical membrane where it becomes the main 559 

sugar transporter [33-35]. Although this hypothesis is still debated [36, 37], the results here reported 560

confirm an increased expression of GLUT-2 in the apical membranes of enterocytes, without 561

modifying GLUT-5 expression and distribution. Interestingly, gut of mice chronically exposed to 562 

solid fructose showed a higher expression of GLUT-2 in the apical membrane when compared to 563

gut from mice treated with liquid fructose, thus suggesting a higher fructose accumulation in the 564 

enterocytes and lower rate of blood transfer. This hypothesis is confirmed by a dramatically lower 565

excretion of fructose in urine of solid fructose fed mice in comparison to liquid fructose fed mice.566 

We may, thus, speculate that the liquid fructose is more rapidly absorbed in the plasma and, thus, 567 

rapidly metabolized by the liver, being the excess excreted with urine. In contrast, the solid fructose568 

is likely to be more slowly transferred to the plasma because of the basolateral-to-apical membrane 569 

translocation of GLUT-2. Therefore, solid fructose may persist for longer time within the gut and, 570 

thus, be metabolized by enterocytes and potentially by microbiota of the large intestine when excess 571 

fructose migrates from the small intestine [38, 39]. The first evidence that fructose may affect the 572 

microbiota comes from a few recent studies in rats showing that orally administered fructose 573 

enhanced the abundance of Enterobacteriaceae, Coprococcus, and Ruminococcus and induced a574 

distinct faecal metabolome profile that is associated with fructose-induced nonalcoholic fatty liver 575 

disease [40]. Here we reported, for the first time, differences in the metabolic adaptation of the 576

intestinal microbiota to dietary fructose, with significant taxonomic differences between the two 577

fructose formulations. Specifically, Bacteroides, whose increased presence has been associated to 578 

an increased risk of weight gain and insulin resistance [41], was massively detected in the liquid 579 

diet. Several studies on mouse gut microbiota obesity-related alterations reported robust changes in 580 

the Firmicutes to Bacteroidetes ratio [41, 42]. Here we found that this ratio was lowest in the 581 

intestinal microbiota of L-Fr mice. The analysis on samples from mice with SD diet was in 582 

agreement with previous data for rodents under standard diet regimens with Firmicutes much more 583 

abundant than Bacteroidetes, Proteobacteria and Tenericutes [43, 44]. On the contrary, we observed 584 



an increase of Coprococcus and Ruminococcus genera and a decrease of Firmicutes and 585 

Clostridium genera in both the fructose experimental groups when compared to SD mice. In L-Fr 586

mice we recorded the highest abundance of Lactobacillus, which could be a consequence of the 587

increased availability of simple sugars in the intestine of these mice [45]. Our results are in 588 

agreement with the changes in the relative abundance of these taxa observed in type 2 diabetes589

patients when compared to healthy individuals [46].590 

Both fructose diets enriched the presence of few anaerobes like Coprococcus and Ruminococcus. It 591

was recently shown that Ruminococcus produces propionate from fructose, whereas Coprococcus592 

produces butyrate from fructose [47]. Interestingly, the faecal volatilome signatures confirmed the 593 

highest levels of both propionate and butyrate derivatives in mice exposed to fructose. 594 

Metagenomic analysis confirmed that fructose-enriched diets could lead to ex novo lipogenesis with 595 

the production of SCFA and MCFA, and faecal volatilome referred higher amounts of SCFA esters596 

when compared to SD mice (butyl acetate increase by 50% in S-Fr mice; 2-methylbutyl propanoate  597 

by 15% in S-Fr mice and butyl butanoate with by 21 and 7% in S-Fr and L-Fr mice respectively).598 

The increased systemic bioavailability of liquid fructose and SCFA esters may account for the 599 

markedly higher activation of the lipogenic pathway in the liver of the L-Fr mice, compared to S-Fr600 

mice. The activation of the SCAP/SREBP1c signaling pathway regulates the transcription of the 601 

enzymes involved in the ex novo synthesis of fatty acids and the subsequent intracellular lipid 602

accumulation, which are peculiar aspects of fructose metabolism [13, 48]. Indeed, we found 603

significantly higher TG levels and more diffuse hepatosteatosis in the L-Fr mice than in the S-Fr,604 

associated to a stronger activation of early markers of the fibrogenic cascade, which has been 605 

previously demonstrated to be affected by SREBP1c activity [49-51]. Although the histological 606 

examination and related scores confirmed the development of steatosis and focal lytic necrosis, no 607 

significant evidence of established fibrosis was documented, suggestive of a preliminary stage not 608 

yet progressed to full-blown liver scarring. These findings are in keeping with literature data 609 

reporting the appearance of macroscopic signs of fibrosis, such as collagen deposition and fibrotic 610 



septa generation, only after 16-20 weeks of high fructose intake [52]. In contrast, as previously 611 

documented, Ritze et al [16], briefer exposure time are sufficient to highlight differences in 612

triglyceride accumulation and hepatosteatosis, confirming that that liquid sugars were more rapidly 613

absorbed and gave greater induction of hepatic lipid accumulation compared to the solid 614 

counterparts. The lowest rate of fructose absorption when the sugar is derived from solid 615

formulation is here suggested by the metabolic reconstruction of the mice faecal microbiota. This 616 

analysis showed that the highest increase in genes related in carbohydrate metabolism was recorded617

in the microbiota of mice exposed to S-Fr, suggestive of higher fructose accumulation in the gut of 618 

S-Fr than of L-Fr. In contrast, an increase in aminoacid metabolism genes was recorded in the 619 

microbiota of mice exposed to L-Fr. Besides, the most relevant impact of solid fructose on gut 620 

toxicity is confirmed by the investigation of local accumulation of fructose-derived AGEs. Fructose 621 

is a highly glycative compound [53, 54], and we have previously contributed to demonstrate that 622 

high dietary fructose intake can evoke stronger AGEs accumulation and RAGE activation than 623 

glucose [13]. Moreover, here we reported the highest levels of fructose-derived AGEs in intestinal 624 

villi of mice fed with solid formulation. AGEs ingested with highly processed foods or locally 625 

produced in the gut are slowly absorbed in the circulation and only partially excreted in urine, while 626 

they are accumulated and metabolized by enterocytes and are suggested to have distal effects on 627 

target organs [55]. Food-derived AGEs and glycated proteins can act in the intestine as substrate for 628

colonic bacterial fermentation, driving alterations of microbiota composition and of intestinal 629

barrier permeability [56, 57]. Accordingly, we showed here that the marked AGEs accumulation 630 

detected in gut of S-Fr mice was paralleled by a robust decrease in TJ mRNA and protein 631 

expression in the ileal mucosal lining and massive transfer of LPS in the portal vein plasma,632 

suggestive of increased gut permeability to bacterial components [29, 58]. A higher LPS 633 

concentration was also recorded at systemic level in S-Fr mice when compared to LPS 634 

concentration measured in L-Fr mice. We also measured the IAP enzyme, which has been 635 

demonstrated to be the main LPS detoxifying system in the gut, likely thanks to its ability to induce 636 



dephosphorylation of the lipid A moiety, the primary source of LPS endotoxic effects [59]. Several637 

studies demonstrated that IAP expression and activity is altered as result of a complex interplay 638

between dietary factors, the microbiota and the host [60]. Most notably, IAP activity has been 639

shown to be enhanced by LPS injections [61]. Here we confirmed a parallelism between highest640 

LPS plasma concentration and most intense ileal IAP activity in the S-Fr group. The increased IAP 641

activity we documented was suggestive of a dysfunctional response of the intestinal detoxifying 642 

mechanisms, being insufficient to degrade the solid fructose-induced rise in LPS production, thus 643

failing to prevent its transfer to the plasma. As very recently documented [62], the association of 644 

microbiota modifications with intestinal permeability leads to translocation of bacterial products 645 

that signal the liver through TLR4 (that recognizes LPS, a gram-negative bacteria wall component).646 

TLR4 activation, throughout the MyD88 and IRAK-1–dependent signaling pathway, leads to 647 

NLRP3 inflammasome complex assembly [63]. The 648 

NLRP3 inflammasome is a pro-inflammatory complex, which senses LPS and several other stimuli 649 

related to pathogen and damage-associated molecular patterns in tissues undergoing infections, cell 650 

damage or metabolic imbalances [64]. The formation of the NLRP3 inflammasome complex leads 651 

to the activation of caspase-1, which in turn proteolytically cleaves the precursors of pro-652 

inflammatory cytokines IL- Very recently, we demonstrated that both LPS and microvesicles653 

released by cells undergoing lipotoxicity may actively contribute to pro-inflammatory responses654

within the liver by activating in a paracrine way the multimeric protein complex NLRP3 655

inflammasome in either hepatocytes and macrophages [65]. In this pathological context, the NLRP3 656 

inflammasome may act as key cross-talk mechanism between injured hepatocytes and macrophages. 657 

We have previously contributed to demonstrate that hepatic NLRP3 inflammasome overactivation658 

results in a sustained release of IL- , an event supporting the lobular inflammation in diet-related 659 

metabolic diseases [66]. Here, correlations among highest LPS concentration, most intense 660 

activation of the TLR4/MyD88/IRAK1 cascade and strongest NLRP3 inflammasome 661 

expression/activity in the liver of S-Fr mice was demonstrated. 662 



According to the microbiota analysis here reported and in keeping with previously published data 663 

[67, 68], we may speculate that the increased LPS translocation as well as systemic alterations of 664

lipid metabolism and inflammatory response, are due, at least in part, to nutrient-induced 665

modifications of the gut microbiota composition.666 

In conclusion, our results convincingly show that consumption of different fructose formulations, 667

liquid or solid, evokes different impact on gut microbiota and integrity, thus differently affecting 668 

liver homeostasis. Our results suggest that the liquid fructose formulation is more rapidly absorbed 669

by intestine and metabolized by the liver, leading to lipogenesis. In contrast, the solid fructose 670 

formulation is slowly absorbed by enterocytes leading to AGEs accumulation and affecting gut 671 

barrier integrity, with the following hepatic activation of the LPS-dependent TLR4/NLRP3 672 

inflammasome cascade. Overall, the combined results of the microbiota analysis, faecal volatilome 673 

profiling and molecular insights bring to the fore an original and multidisciplinary approach to 674 

determine slight, not easily detectable, differences in the toxicological impact of different dietary 675 

manipulations, including changes in nutrients formulations.676 
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Table 1. General parameters. Physical characteristics, plasma glucose, insulin and triglyceride, 874 

and liver triglycerides of mice exposed for 12 weeks to standard diet (SD) or 60% fructose 875

administered in liquid (L-Fr) or solid (S-Fr) formulation. Data are means ± s.e.m. of 6-10 mice per 876

group. Statistical significance: *P<0.05, **P<0.01, vs SD; §P<0.05, §§§P<0.001, vs L-Fr.877 

SD L-Fr S-Fr

Starting body weight
(g)

16.17 ± 1.60 16.88 ± 2.39 15.99 ± 2.38

Ending body weight
(g)

29.48 ± 1.72 28.42 ± 1.44 27.70 ± 2.71

Liver-to-body weight ratio
(% of body weight) 

3.21 ± 0.05 3.95 ± 0.12** 2.98 ± 0.21
§§§

Fasting glycaemia
(mg/dL)

114.5 ± 3.5 142.6 ± 6.7* 149.0 ± 5.7**

Insulinemia
(ng/dL)

59.1 ± 9.2 49.0 ± 3.0 51.8 ± 7.9

TG
(mg/dL)

26.3 ± 4.8 23.1 ± 1.6 28.5 ± 2.7

Hepatic TG
(mg/g tissue)

24.8 ± 2.1 40.5 ± 5.5* 26.6 ± 1.2
§

Urinary Glucose 
(mg/dL)

120.3 ± 25.4 1417.0 ± 424.5** 520.7 ± 259.4
§

Urinary Fructose 
(mg/dL)

415.2 ± 122.6 453.9 ± 133.0 311.0 ± 55.0
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Table 2. Characteristics of dietary intervention. Daily food and drink consumption and calories 887 

intake of mice exposed for 12 weeks to standard diet (SD) or 60% fructose administered in liquid 888

(L-Fr) or solid (S-Fr) formulation. Data are means ± s.e.m. of 6-10 mice per group. Statistical 889

significance: *P<0.05, ***P<0.001, vs SD; §P<0.05, §§§P<0.001, vs L-Fr.890 

SD L-Fr S-Fr

Food intake
(g/die)

2.95 ± 0.07 1.76 ± 0.03*** 3.25 ± 0.15§§§

Drink intake
(ml/die)

2.73 ± 0.07 2.78 ± 0.18 3.59 ± 0.25*§

Calories intake
(Kcal/die)

11.34 ± 0.33 12.46 ± 0.36 12.63 ± 0.43

Fructose intake
(g/die)

- 1.67 ± 0.11 1.88 ± 0.09
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Figure Legends903 

Figure 1. GLUT-5 and GLUT-2 localization in intestine and liver. Representative 904

photomicrographs showing expression and tissue distribution of GLUT-5 and GLUT-2 evaluated by 905 

indirect immunofluorescence on cryostatic sections of ileum (A and B, respectively) and GLUT-2906

evaluated in liver (C) from mice exposed to SD and liquid and solid fructose. Data are means ± 907 

s.e.m. of 6-10 mice per group. Statistical significance: ***P<0.001, vs SD; §§§P<0.001, vs L-Fr.908

909 

Figure 2. Taxonomy analysis of mice gut microbiota. Relative abundance of the major taxonomic 910 

groups detected by 16S rRNA sequencing. Only OTUs with an incidence above 0.2% are shown.911

912 

Figure 3. Functional classification of mice gut metagenome. Functional classes were determined 913 

according to the second level of the KEGG annotations.914 

915 

Figure 4. Faecal volatiles distribution. Heat map based on analytes relative abundance (mean of 916 

three analytical replicates) between mice faecal samples from S-Fr, L-Fr, and SD diets. Features 917 

(analytes detected) and diet groups dendrograms are shown to make easier the location of signature 918 

similitudes-differences as a function of diet manipulation. Data were centered and normalized 919

against row standard deviation. Color scale varies between red (low abundance) to blue (high 920

abundance). 921

922 

Figure 5. Faecal volatilome signatures. Histogram referring to Coefficients of Variation (CV%) 923 

for informative analytes detected in L-Fr, S-Fr and SD diets (data were based on analytes relative 924 

abundance). Positive CV% values indicate analytes more abundant in fructose enriched diets while 925 

negative values indicate those more abundant in the SD diet. Red bars are for analytes exclusively 926 

detected in one population while asterisk is for those that reported statistically relevant changes 927 

(p<0.05).928 



929 

Figure 6. Hepatic activation of the SCAP/SREBP1c lipogenic pathway. Representative 930

immunoblotting showing the expression of the activating protein SCAP (A), the cytosol-to-nuclear 931

translocation of SREBP1c (B), and the protein expression of the SREBP1c target genes ACC and 932 

FAS (C) on liver protein extracts. Histograms report the densitometric analysis for each protein 933

normalized for the corresponding tubulin or histone H3 content, for cytosolic or nuclear extracts, 934 

respectively, and expressed as fold of SD value. Data are means ± s.e.m. of 6-10 mice per group. 935

Statistical significance: *P<0.05, **P<0.01, ***P<0.001, vs SD; §§§P<0.001, vs L-Fr. (D) 936 

Representative photomicrographs of Oil red O staining  performed on liver cryostatic sections for 937 

the evaluation of steatosis. Ballooning of hepatocytes and inflammatory foci can be observed in the938 

20X magnification micrographs of S-Fr sample. 939 

940 

Figure 7. Hepatic activation of fibrosis. Representative immunoblotting showing the expression 941 

of TGF- (A), total and phosphorylated SMAD (B), fibronectin and vimentin (C) on liver protein 942 

extracts. Histograms report the densitometric analysis for each protein normalized for the 943 

corresponding tubulin content and expressed as fold of SD value. (D) Representative 944 

photomicrographs at 200x magnification of H&E staining performed on liver dewaxed sections for 945 

the evaluation of histology scoring. Histograms report the single components of NAS score and 946

fibrosis staging (left graph), and the HIAD score for necro-inflammatory grading (right graph), 947

evaluated on 10 fields per liver section. Data are means ± s.e.m. of 4-6 mice per group. Statistical 948 

significance: *P<0.05, **P<0.01, ***P<0.001, vs SD; §P<0.05, vs L-Fr.949 

950 

Figure 8. AGEs accumulation and RAGE expression in the intestine. (A) Representative 951 

photomicrographs showing expression and tissue distribution of CML, CEL and RAGE evaluated 952 

by indirect immunofluorescence on cryostatic sections of ileum from mice exposed to SD and liquid 953 

and solid fructose. Enlarged squares show details of CML distribution in the intestinal villi axis. (B)954 



Analysis of immunoreactivity expressed as fluorescence intensity evaluated by Image J in the entire 955 

ileum section. Data are means ± s.e.m. of 5-6 mice per group. (C) Representative immunoblotting 956

showing the CML-glycated proteins on liver protein extracts. Histograms report the densitometric 957

analysis expressed as fold of SD value. Data are means ± s.e.m. of 6-10 mice per group. Statistical 958 

significance: *P<0.05, **P<0.01, ***P<0.001, vs SD; §P<0.05, §§P<0.01, vs L-Fr.959

960 

Figure 9. Tight junctions markers, plasma LPS and IAP activity. Gene expression of TJ 961

proteins occludin (A) and ZO-1 (B) evaluated by RT-PCR analysis on mRNA samples from ileum 962 

tract and related protein levels (C and D). LPS concentration evaluated in portal (E) and systemic 963 

(F) plasma by biochemical technique represents an index of intestinal permeability. Intestinal 964 

alkaline phosphatse activity evaluated in ileum extracts by kinetic assay (G). Data are means ± 965 

s.e.m. of 6-10 mice per group. Statistical significance: *P<0.05, **P<0.01, vs SD; §P<0.05, 966 

§§P<0.01, vs L-Fr. 967 

968 

Figure 10. TLR4 and NLRP3 inflammatory pathways activation. The signaling pathway 969 

activated by TLR4, the major receptor involved in LPS-induced NLRP3 activation in liver, has been 970 

evaluated by western blotting analysis for the protein expression of TLR4 (A), MyD88 (B), and 971 

IRAK1 (C). Activation of liver inflammatory signaling has been evaluated by protein amount of 972

NLRP3 (D), of pro-caspase and cleaved active caspase-1 (E), and of IL- (F) evaluated by western 973

blotting on liver extracts. Data are means ± s.e.m. of 6-10 mice per group. Statistical significance: 974 

*P<0.05, **P<0.01, ***P<0.001, vs SD; §P<0.05, §§P<0.01, §§§P<0.001, vs L-Fr. 975 
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