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Abstract  
 
Gut microbiota is involved in obesity, metabolic syndrome and the progression of 

nonalcoholic fatty liver disease (NAFLD). It has been recently suggested that the 

flavonoid quercetin may have the ability to modulate the intestinal microbiota 

composition, suggesting a prebiotic capacity which highlights a great therapeutic 

potential in NAFLD. The present study aims to investigate benefits of experimental 

treatment with quercetin on gut microbial balance and related gut-liver axis activation in 

a nutritional animal model of NAFLD associated to obesity. C57BL/6J mice were 

challenged with high fat diet (HFD) supplemented or not with quercetin for 16 weeks. 

HFD induced obesity, metabolic syndrome and the development of hepatic steatosis as 

main hepatic histological finding. Increased accumulation of intrahepatic lipids was 

associated with altered gene expression related to lipid metabolism, as a result of 

deregulation of their major modulators. Quercetin supplementation decreased insulin 

resistance and NAFLD activity score, by reducing the intrahepatic lipid accumulation 

through its ability to modulate lipid metabolism gene expression, cytochrome P450 2E1 

(CYP2E1)-dependent lipoperoxidation and related lipotoxicity. Microbiota composition 

was determined via 16S ribosomal RNA Illumina next-generation sequencing. 

Metagenomic studies revealed HFD-dependent differences at phylum, class and genus 

levels leading to dysbiosis, characterized by an increase in Firmicutes/Bacteroidetes 

ratio and in Gram-negative bacteria, and a dramatically increased detection of 

Helicobacter genus. Dysbiosis was accompanied by endotoxemia, intestinal barrier 

dysfunction and gut-liver axis alteration and subsequent inflammatory gene 

overexpression. Dysbiosis-mediated toll-like receptor 4 (TLR-4)-NF-B signaling 

pathway activation was associated with inflammasome initiation response and reticulum 

stress pathway induction. Quercetin reverted gut microbiota imbalance and related 



endotoxemia-mediated TLR-4 pathway induction, with subsequent inhibition of 

inflammasome response and reticulum stress pathway activation, leading to the 

blockage of lipid metabolism gene expression deregulation. Our results support the 

suitability of quercetin as a therapeutic approach for obesity-associated NAFLD via its 

anti-inflammatory, antioxidant and prebiotic integrative response. 

Keywords: CYP2E1; dysbiosis; endoplasmic reticulum stress; gut-liver axis; 

inflammasome; inflammation; intestinal barrier function; intestinal microbiota; lipid 

metabolism; lipotoxicity; NAFLD; quercetin. 



Introduction 

Nonalcoholic fatty liver disease (NAFLD) is the commonest form of liver disease in the 

Western countries [1]. NAFLD is associated with obesity and represents the hepatic 

manifestation of metabolic syndrome [2]. It ranges from simple hepatic lipid 

accumulation (steatosis) to steatohepatitis (NASH) when combined with inflammation, 

which can lead to cirrhosis, hepatocellular carcinoma and death related to liver 

morbidity [3]. Despite advances in this field, the molecular mechanisms of progression 

from steatosis to NASH remain obscure. The current and most accepted theory 

proposed for understanding the pathogenesis of NAFLD is the multiple parallel hits 

hypothesis. The “multiple hit” hypothesis conceives a complex interplay between 

multiple events acting in parallel with genetic predisposition, providing a more accurate 

explanation of the pathogenic mechanisms involved in NAFLD. Thus, NAFLD 

development and progression depend on changes in lipid metabolism, derived from the 

induction of fatty acid biosynthesis and transport that contributes to the intrahepatic 

lipid accumulation associated with insulin resistance, accompanied by oxidative stress-

mediated lipotoxicity and proinflammatory cytokines gene expression, among others 

mechanisms [4-6].  

A relationship has been reported between intestinal microbiota dysbiosis, barrier 

function and immune response and liver diseases [4, 7]. Thus, gut microbiota is 

involved in obesity, metabolic syndrome and in the progression of NAFLD [8-10]. In 

NAFLD, alteration of gut microbiota and increased intestinal permeability enhance 

exposure of the liver to gut-derived bacterial products inducing chronic endotoxemia 

and associated gut-liver axis alteration [8, 10]. Thereby, gut microbiota composition 

determination adds information to classical predictions of NAFLD severity and suggests 

novel targets for pre/probiotics therapies [11]. In this respect, it has been described that 



gut microbiota modulation with prebiotics improved obesity, metabolic syndrome and 

fatty liver [12].  

Previous studies have established the modulatory capacity of polyphenols on the gut 

microbial community [13-15]. Natural compounds with antioxidant and anti-

inflammatory capacity present in the diet such as flavonoids, including quercetin, 

appear to be capable of reducing hepatic lipid accumulation, which gives them a great 

therapeutic potential in NAFLD [5]. Recently, it has been indicated that quercetin may 

have the ability to modify the gut microbial balance [16], suggesting a prebiotic 

capacity. Thus, the use of flavonoids as quercetin in NAFLD might be considered as a 

potential strategy to modulate intestinal bacterial composition.  

The present study aimed to investigate the potential benefits of the experimental 

treatment with quercetin on HFD-fed mice restoring host-microbial balance and 

regulating endotoxemia-related immune-mediated inflammatory signaling mechanisms 

and lipid metabolism alteration in the pathogenesis of nonalcoholic liver disease. Our 

results would enable the design of quercetin administration-based novel therapeutic 

approaches to manipulate gut microbiota to treat obesity-associated NAFLD. 



Materials and methods 

Animals and treatments  

Seven-weeks-old male C57BL/6J mice were fed with a standard diet to their adaptation 

to the environment and later distributed in 4 groups (10 mice per group) according with 

the following diets (Research Diets, Inc. New Brunswick, NJ. USA): (1) Control (10% 

of energy from fat; D12450J); (2) Control Q (10% of energy from fat + 0.05% (wt/wt) 

aglycone quercetin D14062801) (3) HFD (60% energy from fat; D12492) and (4) 

HFDQ (60% energy from fat + 0.05% (wt/wt) aglycone quercetin; D14062802). Mice 

were fed freely available diets and water, and housed under controlled conditions of 

temperature, humidity and lighting. Body weight and food intake were monitored 

weekly. After 16 weeks, mice were euthanized, plasma, liver, small intestine and 

adipose tissue samples were collected and weighed. The right posterior lobe of the liver 

was fixed in 10% formalin and the remaining liver was snap frozen.  

All procedures were approved by the local Animal Ethics Committees in accordance 

with the European Research Council guidelines for animal care and use. 

 

Histopathology and fluorescence microscopy 

Formalin-fixed and paraffin-embedded liver samples were sectioned and stained with 

hematoxylin and eosin (H&E). Lesions were evaluated by a histological scoring system 

for non-alcoholic fatty liver disease proposed by Kleiner et al. [17]. The NAFLD 

activity score (NAS) was used as a tool to provide a numerical score evaluating semi-

quantitatively 3 histological features: steatosis (0-3), lobular inflammation (0-3) and 

hepatocellular ballooning (0-2). Samples with scores more than 5 were correlated with a 

diagnosis of NASH, and score less than 3 were diagnosed as “not NASH.” Histological 

analysis was measured by two objective expert examiners blinded to experimental 



design protocol. Frozen liver tissue samples were sectioned and stained with 1 μg/ml 

Bodipy 493/503 and Bodipy 581/591 C11 (Invitrogen, Carlsbad, CA, USA) combined 

with DAPI for nuclei staining, to analyze lipid accumulation or lipoperoxidation (LPO), 

respectively. The sections were imaged using a Nikon Eclipse Ti inverted microscope 

(Nikon, Amstelveen, The Netherlands).  

 

Biochemical analysis  

Plasma levels of triglycerides (TG), and alanine aminotransferase activity (ALT) were 

analyzed by the Instrumental Techniques Laboratory of the University of León using 

standard techniques. Plasma levels of insulin and interleukin (IL)-6 were determined by 

specific ELISA kits according to the manufacturer's instructions (Millipore, Darmstadt, 

Germany). Plasma glucose levels were measured with the Accu-Chek (Roche 

Diagnostics, Almere, The Netherlands) after an 8-hour fast. The homeostasis model 

assessment of insulin resistance (HOMA-IR) was used to calculate the insulin resistance 

using the formula: 

HOMA-IR = Fasting glucose (mg/dl) × Fasting insulin (μU/ml) /405 

 

Plasma endotoxemia 

Plasma lipopolysaccharide (LPS) and ethanol quantification were performed following 

the instructions of the commercial kits (LAL Chromogenic Endotoxin Quantification 

Kit, Thermo Scientific, and Ethanol Colorimetric Assay Kit, Biovision, respectively).  

 

Measurement of liver triglycerides and free fatty acids 



Triglycerides and free fatty acids (FFA) levels in the hepatic tissue were analyzed after 

liver homogenization following the guide provided by the company Biovision Research 

Products (Mountain View, CA, USA). 

 

Caecal content collection 

Caecal samples were collected immediately after euthanasia and gathered in 2 ml 

Eppendorf tubes and immediately frozen at -80ºC for future analysis. 

 

Caecal short-chain fatty acids (SCFAs) identification and quantification 

Samples were analyzed as previously described [18] using 4-methylvaleric as internal 

standard. The caecal samples were suspended and homogenised in water. After 

centrifugation for 10 min at 12.000 rpm, the supernatant was recollected and acidified 

by addition of HCl. The internal standard was added into the supernatant at a final 

concentration of 258 µM. SCFAs were identified and quantized on a gas chromatograph 

CP-3800 (Varian) connected to a mass spectrometry (GC-MS) (Saturn. Varian). Data 

were collected using the Varian MS Workstation (version 6.9.2.) software. The linear 

regression equation (R2 ≥ 0.99) was used to calculate the concentration of each SCFA 

from the standard curves obtained with seven different concentrations. 

 

DNA extraction, PCR and pyrosequencing  

Caecal samples were selected to pyrosequencing analysis. The extraction of genomic 

DNA from caecal samples were carried out using the QIAamp DNA Stool Mini Kit 

(Qiagen, Hilden, Germany) according to the manufacture’s instruction, with some 

modifications, as follows: an initial bead beating step was included and the lysis 

temperature was increased from the recommended 70 to 90°C to aid in the recovery of 



DNA from bacteria that are difficult to lyse. The DNA concentration was determined 

using a NanoDrop ND-1000 spectophotometer (Saveen& Werner, Limhann, Sweden) 

and stored at -20ºC until analysis. 

Amplification of the 16S rRNA V3-V4 hypervariable region was carried out using the 

16S V3 314F forward 

(5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCA

G3’) and V4 805R reverse primer 

(5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATC

TAATCC3’) [19] with added Illumina adapter overhang nucleotide sequences. The 

PCR conditions used were 3 min at 95ºC, followed by 25 cycles of 30 s at 95ºC, 30 s at 

55ºC and 30 s at 72ºC, and a final extension at 72ºC for 5 min. Each reaction mixture 

(25µl) contained 50 ng of genomic DNA, 0.5 µl of amplicon PCR forward primer (0.2 

µM), 0.5 µl of amplicon PCR reverse primer (0.2 µM) and 12.5 µl of 2x KAPA 

HifiHotStart Ready Mix (Kapa Biosystems, Wilmington, MA, USA) Three PCR 

products per sample were pooled and purified with the Wizard® Genomic DNA 

Purification Kit (Promega, Madison, WI, USA). 

According to the manufacturer’s protocol, each reaction was cleaned up with 

AgencourtAMPure XP beads (Beckman Coulter Genomics, Danvers, MA, USA). 

Attachment of dual indices and Illumina sequencing adapters was performed using 5 μl 

of amplicon PCR product DNA, 5 μl of Illumina Nextera XT Index Primer 1 (N7xx), 5 

μl of Nextera XT Index Primer 2 (S5xx), 25 μl of 2x KAPA HiFiHotStart Ready Mix, 

and 10 μl of PCR-grade water (UltraClean DNA-free PCR water; MO BIO 

Laboratories, Inc., Carlsbad, CA, USA); in this case, amplification was carried out 

under the following conditions: 3 min at 95°C, followed by 8 cycles of 30 s at 95°C, 30 

s at 55°C, and 30 s at 72°C, and a final extension at 72°C for 5 min. Constructed 16S 



metagenomic libraries were purified with AgencourtAMPure XP beads and quantified 

with Quant-iTPicoGreen (Kapa Biosystems). Library quality control and average size 

distribution was determined with the Agilent Technologies 2100 Bioanalyzer. Libraries 

were normalized and pooled to 40 nM based on quantified values. Pooled samples were 

denatured and diluted to a final concentration of 6pM with a 30% PhiX (Illumina) 

control. Amplicons were subjected to pyrosequencing using the MiSeq Reagent Kit V3 

in the Illumina MiSeq System. 

 

Bioinformatic analysis 

The online portal for Illumina data analysis (http://www.illumina.com/) was used to 

access Basespace at https://basespace.illumina.com/home/index, and the 

16Smetagenomics Basespace application was applied to the data. 16S metagenomics 

analysis uses DNA from amplicon sequencing of prokaryotic 16S small subunit rRNA 

genes with the high performance version of RDP Naïve Bayes algorithm [20]. FASTQ 

sequences were uploaded to Basespace and the 16S metagenomics application was 

executed. After assembling, full length sequences from paired ends were referenced 

against the Illumina curated version of Green genes data base (May 2013) at 97% 

identity level. The groups of related DNA sequences were assigned to operational 

taxonomic units (OTUs). These OTUs were analyzed with the Vegan package [21] in R 

software (R Development Core Team, 2011) to estimate the alpha and beta diversity of 

the samples.  

 

Quantitative Real-Time PCR  

For total bacteria concentration determination, DNA was extracted from caecal samples. 

Samples were analyzed by real-time PCR. Primer sets and real-time PCR conditions 



used to amplify bacterial 16S rRNA genes are listed in Table 1. For quantification of 

these different target organisms, the StepOnePlus Real-Time PCR system (Applied 

Biosystems, Weiterstadt, Germany) was used. The amplification reaction was carried 

out with 50 ng of DNA template in a final volume of 20 µl, 0.3 µM of each forward and 

reverse primer, and 10 µl of LightCycler-Fast Start DNA Master SYBR Green (Roche 

Diagnostics). The following PCR protocol was run: 95ºC (10 min), then 95ºC (15 s), 

variable annealing temperature (60 s) for 40 cycles. Each sample was run in triplicate 

and quantitative PCR standards were created by amplifying the target 16S rRNA genes 

from appropriate positive control strains. Standard curves were then generated for each 

bacterial group and used to calculate the concentration of each sample.  

To determine relative gene expression in liver samples, Trizol reagent (Life 

Technologies) was used to isolate the total RNA. First-strand cDNA was amplified 

using High-Capacity cDNA Archive Kit (Applied Biosystems). Multiplex real-time 

PCR reactions on a StepOne Plus (Applied Biosystems) was used to synthesize cDNA 

[22]. TaqMan primers and probes were derived from the commercially available 

TaqMans® Gene Expression Assays (Applied Biosystems) (Table 2). The 2-Ct method 

was applied to determinate relative changes in gene expression levels. Glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) was used to normalize the cycle number at 

which the transcripts were detectable (Ct) referred to as Ct.  PCR efficiency was 

determined by TaqMan analysis on a standard curve for targets and endogenous control 

amplifications that were highly similar.  

 

Western blot 

Protein extraction and Western blotting were performed as described [5], using rabbit 

polyclonal antibodies against fatty acid synthase (FAS) (Santa Cruz Biotechnology, 



Santa Cruz, CA, USA), nuclear factor kappa B (NF-B) p65 subunit (Santa Cruz), toll-

like receptor 4 (TLR-4) (Abcam, Cambridge, UK), NOD-like receptor family pyrin 

domain containing 3 (NLRP3) (Cell Signaling, MA, USA), caspase 1 (Cell Signaling), 

78 kDa glucose-regulated protein (GRP78) (Abcam) and CCAAT-enhancer-binding 

protein homologous protein (CHOP) (Santa Cruz Biotechnology), claudin-1 (Abcam), 

occludin (Abcam), and intestinal alkaline phosphatase (IAP) (Abcam). Primary 

antibody binding was detected using an appropriate anti-rabbit secondary antibody 

conjugated with horseradish peroxidase (DAKO, Glostrup, Denmark), and detected 

with chemiluminescence detection system (ECL kit, Amersham Pharmacia, Uppsala, 

Sweden). The intensity of the bands was quantified using a densitometry quantification 

program (Scion Image, Frederick, MD, USA). 

 

Statistical analysis  

Data are expressed as the mean ± SEM. Significant differences were evaluated by one 

way analysis of variance (ANOVA) and Newman–Keul’s test or Pearson’s correlation. 

p<0.05 was considered to be significant for a difference. From gut microbiota 

composition data statistical significance was determined by nonparametric Kruskal-

Wallis test followed by Mann-Whitney U test when p<0.05. All statistical analyses were 

performed using SPSS 22.0 software (Chicago, IL, USA). 



Results 

 

Quercetin ameliorates features of metabolic syndrome and histological findings in mice 

with HFD-induced NAFLD 

Because of the lack of significant differences between results obtained in Control and 

ControlQ mice, the group without quercetin treatment was considered as Control group.  

To examine the effects of quercetin on non-alcoholic fatty liver disease male C57BL/6 

mice were subjected to HFD with or without quercetin supplementation for 16 weeks. 

As previously described [23], in our in vivo model of NAFLD high fat diet feeding 

induced body weight gain, increased epididymal fat accumulation and developed 

hallmark characteristic of metabolic syndrome as elevated fasting blood glucose and 

insulin, and HOMA-IR (+52%, +328%, +537%, respectively, vs Control) (Table 3). 

Quercetin administration culminated with a reduction on body weight gain, epididymal 

fat accumulation, and liver weight, without differences in food intake, in comparison 

with HFD-fed mice (-23%, -31%, -17%, respectively) (Table 3). In addition, quercetin 

supplementation induced a significant reduction in fasting glucose and insulin levels, 

improving insulin sensitivity as reflected in HOMA-IR, compared to HFD group (-10%, 

-30%, -36%, respectively) (Table 3).  

After 16 weeks, mice fed with HFD diet showed significantly higher plasma triglyceride 

and ALT levels in comparison with control mice (+46%, +208%, respectively) (Table 

3), which were significantly reduced by quercetin supplementation (TG: -28% and 

ALT: -35%, respectively, vs HFD) (Table 3). 

As shown in Fig. 1A, histopathological assessment of HFD-fed mice liver disclosed 

microvesicular and macrovesicular steatosis in hepatocytes, indicative of disturbed lipid 

metabolism. Slight liver inflammation and ballooning were also observed in HFD-fed 



mice, leading to a 10-fold increased NAFLD activity score, compared with control mice 

(Fig. 1B). Quercetin-treated mice exhibited significantly less fat deposition, 

inflammation and balloning in hepatocytes, resulting in a reduced NAS (-46%, vs HFD) 

(Fig.1B). 

Confirming histological features, Bodipy 496/503 staining analysis revealed a 

significant increase of hepatic lipid accumulation in mice fed with high fat diet 

compared to control mice. These results were correlated with increased hepatic 

trygliceride and free fatty acid contents in HFD-fed mice (+185% and +94%, 

respectively, vs Control) (Fig. 1D and E). Quercetin supplementation was able to 

decrease steatosis, showing a reduction of liver lipid droplets (Fig. 1C) associated with a 

diminished hepatic TG and FFA accumulation in comparison to HFD-fed mice (-28% 

and -28%, respectively) (Fig. 1D and E). 

 

Quercetin decreases CYP2E1-mediated lipid peroxidation in mice with HFD-induced 

NAFLD 

Given its ability to generate oxidative stress and subsequent lipoperoxidation, 

cytochrome P450 (CYP)2E1 is a key factor in the pathogenesis of fatty liver disease. In 

our in vivo model of NAFLD we found that HFD-fed mice showed a large increase in 

lipid peroxidation compared to control mice (Fig.1C), that was accompanied with a 

significantly increased CYP2E1 gene expression (+67%, vs Control) (Fig 1F). 

Quercetin treatment was able to counteract LPO induction in parallel with the reduction 

of CYP2E1 overexpression (-15%, vs HFD) (Fig. 1C and F). 

 

Quercetin supplementation prevents lipid metabolism-related gene expression 

deregulation in mice with HFD-induced NAFLD 



We next assessed the effect of high fat diet on the expression of genes involved in de 

novo lipogenesis, including liver X receptor (LXR), sterol regulatory element binding 

protein (SREBP)-1c and FAS, and fatty acid uptake and trafficking, as fatty acid 

binding protein (FABP)1 and fatty acid translocase CD36 (FAT/CD36). As shown in 

Fig. 2A and B, the relative mRNA expression of LXR and its lipogenic downstream 

target genes was increased in HFD-fed mice compared to control mice (LXR: +20%, 

SREPB-1c: +36%, and FAS: +36%), while quercetin supplementation reverted de novo 

lipogenesis gene overexpression (-20%, -26% and -23%, respectively, vs HFD group). 

As expected, a similar trend of upregulation of FAS protein was observed in HFD-fed 

mice (+144%, vs Control), which was attenuated by oral supplementation with quercetin 

(-28%, vs HFD group) (Fig. 2C). Regarding to gene expression of fatty acid uptake- and 

trafficking-related genes, as show in Fig. 2A, we found that HFD feeding induced a 

significant overexpression of FAT/CD36 (+136%) and FABP1 downregulation (-20%), 

compared with control mice. The hepatic gene expression of their regulatory 

transcription factors forkhead box protein A1 (FOXA1) and CCAAT/enhancer-binding 

protein alpha (C/EBP was also assessed. HDF feeding caused a significant induction 

of C/EBP (+30%, vs Control) and downregulation of FOXA1 (-27%). Quercetin 

supplementation was able to counteract this gene deregulation (FAT/CD36: -31%, 

FABP1: +51%, C/EBP: -15%, and FOXA1: +40%, vs HFD group) (Fig. 2A). 

 

Quercetin modulates HFD-induced dysbiosis in mice with HFD-induced NAFLD 

Regarding to metagenomic analysis to determine the effect of HFD and quercetin on 

intestinal microbiota balance, given the characteristics of this study, the results obtained 

in the four experimental groups were separately considered (Control, ControlQ, HFD 

and HFDQ). 



A total of 3,192,269 reads were obtained from the caecal samples through 

pyrosequencing analysis. Most of the identified reads from the caecal content of mice 

were classified within three phyla. Firmicutes phylum was predominant, representing 

42% of 16S rRNA gene sequences, followed by Bacteroidetes (25%) and 

Proteobacteria (25%). These three phyla represented more than 90% of the sequences 

analyzed. Figure 3A shows the relative bacterial composition at the phylum level for 

each group. The relative abundance of Firmicutes and Proteobacteria phyla was 

significantly higher in HFD groups compared to the control groups. Nevertheless, 

quercetin supplementation was found to reduce significantly relative percentage of 

Proteobacteria phylum in HFD-fed mice, being similar to the control group with and 

without quercetin. However, changes in relative percentage of Firmicutes phylum 

associated with quercetin supplementation were not detected. There were also changes 

in the relative abundance of Bacteroidetes phylum. The mean relative abundance of this 

bacterial phylum in HFD group was reduced significantly compared to the control 

group with and without quercetin. Quercetin supplementation was found to considerably 

modify relative percentage of Bacteroidetes when compared to HFD-fed mice. 

Moreover, the ratio Firmicutes/Bacteroidetes was significantly different between 

control and HFD groups. Supplementation with quercetin in HFD-fed mice decreased 

significantly this ratio in relation to HFD group (Fig. 3B).  

Comparison of the bacterial communities at phylum level using Principal Coordinates 

Analysis (PCoA) based on Morisita-Horn index was performed. The first axis score plot 

(10.63%) revealed a clear separation of bacterial communities according to the diet with 

or without quercetin supplementation (Fig. 3C). 

At the class level, changes were detected comparing microbiota composition between 

control and HFD group, independently of quercetin. Clostridia, Bacilli (both classified 



within the Firmicutes phylum) and Deltaproteobacteria (Proteobacteria phylum), were 

considerably increased in mice fed with HFD. On the contrary, Bacteroidia 

(Bacteroidetes phylum), Erysipelotrichi (Firmicutes phylum) and Betaproteobacteria 

(Proteobacteria phylum) were significantly reduced in HFD group in comparison to the 

control group. Quercetin supplementation in mice fed with HFD was found to 

considerably modify the number of reads of Deltaproteobacteria, Bacteroidia, 

Erysipelotrichi and Betaproteobacteria approaching to the control group in all cases 

(p<0.05) (data not shown). 

We identified 420 different genera of known bacteria in caecal content. Most of the 

sequences belonged to the genera Desulfovibrio, Blautia, Oscillospira, Akkermansia, 

Flavobacterium, Parabacteroides and Ruminococcus. As shown in Fig. 4A, 

Desulfovibrio, Blautia, Oscillospira and Lactobacillus revealed a higher detection in 

mice fed with HFD group in comparison to the control group. Furthermore, quercetin 

supplementation in HFD-fed mice reduced significantly the detection of Desulfovibrio, 

showing similar values to the control group. Interestingly, changes related to quercetin 

treatment were also showed in Helicobacter genus. The dramatically increased 

detection of this genus in mice fed with HFD was significantly reduced with the oral 

supplementation with quercetin. Also, quercetin-dependent Helicobacter genus 

reduction was observed in the control group (Fig. 4B). Some bacterial genera, such as 

Parabacteroides and Alkaliphilus, showed an opposite pattern, with a lower detection in 

mice fed with HFD in comparison to the control group. Flavobacterium, Allobaculum, 

and Sutturella, besides presenting a low detection in HFD group, quercetin 

supplementation in HFD significantly increased the relative abundance of these genera. 

In both cases, the differences were associated with diet and quercetin, respectively. In 

addition, Akkermansia, the unique bacteria belonging to Verrucomicrobia phylum, 



showed a notable increase with quercetin supplementation in control group and in mice 

fed with HFD compared to non-supplemented groups. However, these differences were 

not statistically significant (Fig. 4C). 

Beta diversity measurements were performed on the caecal content to determine 

whether there were differences in global bacterial composition among the four groups. 

A PCoA based on Morosita Horn Index was performed showing that the bacterial 

communities of mice fed with HFD clustered together according to the first axis 

(14.47%) based on the diet. Whereas, the communities of control group were dispersed 

along this axis. The second axis score plot (3.17%) suggested a possible cluster of 

bacterial communities of mice fed with HFD according to the presence of quercetin in 

the diet (supplemental Fig. S1). 

We also performed qPCR analysis for total bacteria evaluation in each sample. Similar 

to the pyrosequencing analysis findings from caecal samples, qPCR results revealed 

diet-dependent differences in bacterial concentration. Thus, HFD-fed mice showed a 

lower concentration of the total bacteria in each sample in comparison to control groups. 

However, HFDQ-fed mice increased this concentration, with values higher than the 

control group (Fig. 3D). The Kruskall-Wallis Test showed that these differences 

between the four groups were significant according to the diet and supplementation with 

quercetin.  

To determine the potential relationship between the spectrum of NAFLD severity in 

response to HFD and differences in gut microbiota composition, correlation analysis 

was performed. As shown in supplemental Fig. S2, NAS significantly and positively 

correlated with Firmicutes/Bacteroidetes ratio and negatively correlated with total 

bacteria concentration.  



Quercetin reverses HFD-induced SCFAs production inhibition and related intestinal 

barrier dysfunction  

SCFAs, mainly acetate, propionate and butyrate, are produced by the intestinal 

microbiota. It has been reported that an increase in SCFAs concentration improves the 

integrity of the intestinal barrier [24]. As shown in Figure 5A, in our in vivo model of 

NAFLD, we found that SCFAs production in HFD-fed mice was lower than in control 

mice (acetate: -32%; propionate: -21%; butyrate: -29%, vs Control). Quercetin restores 

the low production of SCFAs induced by HFD (acetate: +34%; propionate: +27%; 

butyrate: +21%, vs HFD). These results correlated with the expression levels of 

intestinal tight-junction proteins claudin 1 and occludin and with intestinal phosphatase 

alkaline, significantly decreased in HFD-fed mice (claudin 1: -59%, occludin: -23%, 

and IAP: -41%) in comparison with control group. Quercetin supplementation restored 

the gut barrier function (claudin 1: +144%, occludin: +37%, and IAP: +40%; vs HFD) 

(Fig. 5B). 

 

Quercetin counteracts HFD-induced endotoxemia, gut-liver axis activation and 

subsequent proinflammatory response induction in mice with HFD-induced NAFLD 

Proven the imbalance of gut microbiota caused by the HFD in mice, dysbiosis-related 

bacterial lipopolysaccharide translocation and ethanol overproduction were determined. 

In our study, HFD-fed mice showed a significant increase in plasma LPS and ethanol 

levels (+73% and +34%, respectively, vs Control), which was reverted by quercetin 

treatment (-35% and -22%, respectively, vs HFD) (Fig. 6A). It is worthy of mention that 

HFD-induced endotoxemia was accompanied by a marked upregulation of hepatic TLR-

4 gene expression (mRNA: +1416%, protein: +162%, vs Control). Quercetin 



supplementation lowered TLR-4 mRNA and protein levels by about -67% and -42%, 

respectively, compared to HFD-fed mice (Fig. 6B).  

Given the existence of endotoxemia and a concomitant overexpression of TLR-4 

induced by HFD feeding, we analyzed the subsequent hepatic NF-B signaling pathway 

activation. Since NF-B activation is usually mediated by its nuclear translocation, we 

examined the effect of high fat diet on the cytosolic and nuclear NF-B p65 subunit 

distribution by western blot. Fig. 6C showed the existence of NF-B activation in HFD-

fed mice, as evidenced by the increased presence of the p65 subunit in the nucleus 

(+112%, vs Control) instead of its cytosolic localization (-33%, vs control mice). 

Quercetin treatment was able to suppress HFD-induced NF-B activation, as indicated 

by the permanence of p65 in the cytosolic localization (+24%, vs HFD), by means of the 

blockage of its nuclear translocation (-47%, vs HFD) (Fig. 6C). 

To investigate the contribution of NF-B-mediated proinflammatory response to the 

systemic inflammation associated to obesity and NAFLD, we studied the hepatic gene 

expression of cytokines tumor necrosis factor (TNF)- and IL-6 in our HFD-based 

model. After 16 weeks of HFD feeding, we observed that diet caused a significant 

upregulation of TNF-and IL-6 gene expression (+229% and +77%, respectively) that 

was effectively blocked by quercetin (-64% and -43%, respectively) (Fig. 6D). In this 

regard, we observed that HFD feeding induced an increase in plasma proinflammatory 

cytokine IL-6 in comparison with control mice (+268%) whereas quercetin 

supplementation partially attenuated hepatic plasma IL-6 release (-25%, vs HFD) (Table 

3).  

 

Quercetin inhibits hepatic NLRP3 inflammasome and its downstream pathway 

activation in mice with HFD-induced NAFLD 



In order to investigate the participation of inflammasome initiation response modulation 

in the protective effect of quercetin on NAFLD progression and development, we 

analyzed hepatic expression levels of NLRP3 inflammasome components. As shown in 

Fig. 7A, high fat diet significantly increased gene expression of NLRP3 and caspase 1 

activation (mRNA, NLRP3: +27%, caspase 1: +92%; protein, NLRP3: +37%, and 

active caspase 1: +64%) in comparison with control diet. Quercetin supplementation 

successfully restored hepatic NLRP3 inflammasome components gene expression and 

activation to control values (mRNA, NLRP3: -32% and caspase 1: -47%; protein, 

NLRP3: -48% and active caspase 1: -40%) (Fig. 7A). 

 

Quercetin inhibits HFD-related endoplasmic reticulum stress pathway induction in mice 

with HFD-induced NAFLD  

To examine the contribution of the activation of the unfolded protein response (UPR) 

related to endoplasmic reticulum (ER) stress in the development of NAFLD in our 

HFD-based model we determined the ER stress markers GRP78 and CHOP. As shown 

in Fig. 7B, HFD feeding increased gene expression of GRP78 and CHOP (mRNA, 

GRP78: +47% and CHOP: +63%; protein, GRP78: +88% and CHOP: +101%, vs 

Control). Quercetin treatment significantly inhibited HFD-induced overexpression of 

ER stress markers (mRNA, GRP78: -34%, and CHOP: -42%; protein, GRP78: -37% 

and CHOP: -21%, vs HFD-fed mice).  

 



Discussion 

There is growing evidence supporting the causative role of gut microbiota in NAFLD 

development and progression, by a mechanism involving obesity induction, endogenous 

ethanol production, inflammatory response activation and metabolism deregulation, 

among others [8, 25]. In this respect, in our animal model of NAFLD a relationship 

between dysbiosis mediated-inflammatory response and lipid metabolism alteration is 

involved in the development of obesity-associated fatty liver disease. Also, we describe 

for the first time that the protective effect of quercetin on NAFLD is mediated by the 

modulation of intestinal microbiota imbalance and related gut-liver axis activation, 

counteracting inflammasome initiation response as well as reticulum stress pathway 

induction, in an integrative mechanism involving its anti-inflammatory, antioxidant and 

prebiotic capacities. 

Feeding animals with high-fat diet induce obesity, metabolic syndrome and its hepatic 

manifestation, NAFLD, mimicking the metabollicaly obese phenotype of Western 

countries. In our study, HFD feeding induced body weight gain and visceral obesity, 

hyperglycemia, insulin resistance and dyslipidemia. It has been described that quercetin 

possesses anti-insulin resistance properties, ameliorating insulin sensitivity and glucose 

intolerance [26, 27]. Our results corroborate the modulatory capacity of quercetin on 

glucose homeostasis through the improvement of glucose tolerance and insulin 

sensitivity despite the high fat diet intake, as previously described in an in vivo model of 

obesity in rats [16]. Moreover, the protective role of quercetin on glucose homeostasis 

was accompanied by a limited but significant reduction of body weight gain 

independent of food intake.  

Hepatic steatosis was the principal histopathological finding, as observed in other 

studies in mice fed a high-fat diet [28, 29]. Oral supplementation with quercetin in 



HFD-fed mice counteracts increased liver weight by reducing liver steatosis derived 

from a disminished plasma dyslipidemia and hepatic triglyceride accumulation, 

supporting the protective effect of quercetin on metabolic biomarkers in experimentally 

induced NAFLD [5, 30, 31]. 

Previous research has already shown that quercetin prevents HFD-induced dyslipidemia 

and steatosis by means of its modulatory effect on hepatic gene expression related to 

lipid metabolism [32, 33]. In this regard, our findings indicate that HFD-induced 

steatosis results mainly from increased de novo lipogenesis and lipid uptake. Thus, in 

the current study LXR and its downstream lipogenic genes were overexpressed in 

HFD-fed mice. LXR plays a role as a contributing factor for NAFLD-related steatosis 

development by enhancing lipogenesis in in vivo and in vitro models and in the liver of 

patients [5, 34]. This transcription factor increases fatty acid synthesis by either 

upregulating SREBP-1c or directly binding to the promoters of lipogenic genes, 

including fatty acid synthase [34]. In the present study, quercetin supplementation in 

HFD-fed mice was able to counteract lipogenic genes upregulation, corroborating the 

capacity of this flavonol to modulate lipogenesis at the transcriptional level in in vivo 

and in vitro models of NAFLD [5, 31].  

In spite of the role of de novo lipogenesis deregulation, fatty acid uptake seems to play a 

key implication in the pathogenesis of NAFLD [5, 22, 32, 35]. In the present study, 

quercetin treatment modulated the impaired gene expression of several fatty acid 

uptake- and trafficking-related proteins. It has already been reported the downregulation 

of fatty acid binding protein 1 in in vivo models and patients with NAFLD, as 

corroborated in the present study. Additionally, FABP1 repression was associated to the 

impaired expression of transcription factors FOXA1 and C/EBP, contributing to 

exacerbate lipotoxicity and lipid accumulation in NAFLD [35]. Our results also confirm 



previous observations showing that quercetin treatment attenuated FABP1 

downregulation through the modulation of their major regulatory transcription factors in 

different models of NAFLD [5]. Moreover, findings support the capacity of quercetin to 

reduce FAT/CD36 upregulation associated with insulin resistance and steatosis, as 

previously observed in several nutritional models of NAFLD [5, 32].  

On the other hand, NAFLD may be indirectly dependent on pathways associated with 

microbiota-induced obesity through inflammation mediated by the immune system [10, 

36, 37]. Likewise, the gut microbiota composition could also contribute to the 

development of NAFLD independently of obesity [29]. It has been previously reported 

that feeding a high fat diet caused gut microbiota imbalance as a mechanism involved in 

obese-related NAFLD development, justifying the adequacy of the current study [38, 

39]. As expected, in our murine model of NAFLD metagenomic studies revealed 

differences at phylum, class and genus levels between HFD-fed mice and controls, 

leading to dysbiosis. As previously described, HFD-induced dysbiosis was 

characterized by an increase in Gram-negative bacteria and, most important, by a 

general decrease of total bacteria concentration [40]. In turn, it has been described that 

differences in gut microbial composition can determine response to HFD in mice [29, 

41], which would explain the wide spectrum of NAFLD observed in our study in 

accordance with the individual metabolic phenotype, as corroborated by results obtained 

from correlation analysis.  

Previous in vitro and in vivo research indicated that flavonols have a prebiotic-like 

effect, playing a role on intestinal mucosa inflammation and permeability [13, 15, 16]. 

In turn, polyphenols modulate the intestinal microbiota and indirectly interfere with 

their own bioavailability [14, 15]. Thereby, quercetin has low bioavailability and, as 

several flavonoids, it is target of the gut microbial ecosystem [16]. In the current study, 



quercetin supplementation in HFD-fed mice caused a great impact on gut microbiota 

composition at different taxonomic levels, counteracting the gut microbiota dysbiosis. 

Thus, quercetin reduced the increased Firmicutes/Bacteroidetes ratio as well as the 

enhanced Gram-negative Proteobacteria phylum in HFD-fed mice and increased the 

concentration of total bacteria. At the class level, HFD-related Clostridia, Bacilli and 

Deltraproteobacteria increase and Bacteroidia, Erysipelotrichi and Betaproteobacteria 

reduction reverted to control values when supplemented with quercetin. These results 

support the prebiotic capacity of this flavonol reported in a previous model of obesity in 

rats [16].  

We also identified genera differently represented in HFD-fed mice, which detection 

values tended to be similar to control groups when quercetin was added. Recent studies 

show that Akkermansia muciniphila inversely correlates with obesity in rodents and 

patients [42, 43]. In this regard, we observed a HFD-related reduction in Akkermansia 

genus detection, which raised with quercetin treatment, as previously shown in 

association with obesity [16]. Similarly, betacyanins obtained from Red pitaya 

(Hylocereus polyrhizus) fruit also induced an increase in the relative abundance of 

Akkermansia at the genus level in HFD-fed mice [44]. This result suggests that 

quercetin could reduce body weight gain, at least in part, by restoring gut microbiota 

balance. Moreover, we describe for the first time the association between high fat diet-

induced NAFLD and enhanced Helicobacter genus detection. Even though is a 

controversial issue [45, 46], it has been suggested the role of Helicobacter pilory as a 

contributing factor in the progression of NAFLD [47-49], considering its eradication as 

effective preventive or treatment measures [50, 51]. Interestingly, Helicobacter genus 

was dramatically reduced by quercetin treatment in our model of NAFLD, corroborating 

its anti-Helicobacter activity observed in in vitro and in vivo models of infection [52, 



53], and supporting therapeutic potential of quercetin for prevention of the spectrum of 

non-alcoholic fatty liver diseases. 

Dysbiosis-related bacterial endotoxins, such as lipopolysaccharide and ethanol, play a 

key role in the pathogenesis of NAFLD [10, 54]. Specific pattern recognition receptors 

(PRRs) participate in the microbial recognition process of highly conserved microbial 

signature molecules called pathogen-associated molecular patterns (PAMPs) and the 

endogenous danger-associated molecular patterns (DAMPs). The PRRs include toll-like 

receptors and nucleotide-binding and oligomerization domain (NOD)-like receptors 

[55]. The LPS of Gram-negative bacterial cell walls is the major PAMP, and a natural 

TLR ligand [56]. Some authors have reported that the activation of TLR-4 is involved in 

the development and progression of NAFLD [4, 10]. In our study, HFD-induced 

disruption of intestinal bacterial balance was accompanied by ethanol overproduction 

and lipopolysaccharide translocation associated with an impaired intestinal SCFAs 

production and an altered barrier function. In fact, in HFD-fed mice bacterial product 

activation induced gut-liver axis alteration through TLR-4 overexpression and 

subsequent nuclear factor kappa B signaling pathway activation, leading to induction of 

a proinflammatory response mediated by TNF- and IL-6. These results corroborate 

that the activation of TLR-4 and its downstream pathway plays a key role on the gut-

liver axis alteration associated to dysbiosis and related NAFLD development [57, 58]. 

In the current research, beneficial effect on NAFLD by quercetin in HFD-fed mice is 

mediated by modulation of gut microbiota balance and subsequent reduction of plasma 

LPS and ethanol contents, restoring SCFAs production and intestinal barrier integrity. 

These findings were associated with a marked inhibition of HFD-induced TLR-4 

expression at transcriptional level and the modulation of TLR-4-NF-B signaling 

pathway activation by quercetin, and a downregulation of TNF- and IL-6 gene 



expression, confirming its well-known anti-inflammatory capacity [5, 26, 59, 60]. TNF-

 and IL-6 play a key role in glucose homeostasis impairment associated with HFD 

[61], suggesting that proinflammatory cytokines blockage by quercetin contributes to its 

anti-insulin resistance properties.  

A common denominator in the pathogenesis of NAFLD is CYP2E1-dependent 

oxidative stress, as a key mechanism responsible for liver damage and disease 

progression [62]. In our study, quercetin protects liver against NAFLD by reducing 

CYP2E1 overexpression and subsequent oxidative stress, in agreement with results 

obtained in a similar in vivo model [63]. Also, results obtained confirm the capacity of 

quercetin to reduce lipid peroxidation described in several models of NAFLD [5, 26, 

30]. It has been reported the central role of lipotoxicity in the recruitment of innate 

immunity involving TLR [64]. In our study, higher degree of lipoperoxidation in HFD-

fed mice was associated with TLR-4-mediated NF-B activation and subsequent 

inflammatory gene overexpression. It has been previously suggested that quercetin 

negatively regulates TLR-4 signaling induced by lipopolysaccharide through Toll-

interacting protein expression, a negative regulator of TLR signaling [65]. In our model 

of NAFLD, quercetin treatment attenuated lipoperoxidation-dependent TLR-4 pathway 

activation, as an alternative mechanism contributing to the modulatory capacity of this 

flavonol on gut-liver axis pathway.  

Intestinal microbiota composition modulates glucose homeostasis and hepatic lipid 

metabolism, contributing to NAFLD development as an environmental factor [29, 66]. 

Thus, gut microbiota is involved in hepatic lipid metabolism gene regulation [10]. 

However, detailed mechanisms involving gut microbiota-mediated lipid metabolism 

gene expression modulation in the pathogenesis of NAFLD remain unclear. It has been 

demonstrated that bacterial LPS enhances hepatic fatty acid synthesis, while inhibiting 



fatty acid oxidation in liver by reducing FABP gene expression [67]. Thereby, TLR-4 

expression upregulation correlated with increased LPS and fatty acids, and associated 

with induced de novo lipogenesis in NAFLD patients [68]. Thus, TLR-4 plays a critical 

role in glucose and lipid metabolism and, in turn, free fatty acids have been reported as 

agonists for TLR-4 [69, 70], inducing activation of inflammatory transcription factors as 

NF-B [69]. In the present research, overexpression of TLR-4 and activation of its 

downstream molecules in HFD-fed mice was associated with insulin resistance and lipid 

metabolism gene deregulation, supporting the role of gut-liver axis-mediated TLR 

signaling activation on the development of steatosis in the pathogenesis of NAFLD. 

Recently, we have described the protective effect of quercetin on lipid metabolism 

expression deregulation through the modulation of key pathways as PI3K/AKT 

signaling [5]. Likewise, the capacity of quercetin to downregulate dysbiosis-related 

TLR-4 signaling pathway activation could contribute to counteract gene expression 

deregulation associated to lipid metabolism-related pathways alteration implicated in 

NAFLD development. 

Hepatic free fatty acid content was increased in HFD-fed mice, which could serve as 

substrate for lipotoxic metabolites formation involved in liver injury leading to NAFLD 

[71]. The effects of these lipotoxic lipid species on NAFLD development and 

progression may be exerted by stimulating oxidative stress and TLR-mediated 

proinflammatory signalling via NF-B or by inducing endoplasmic reticulum stress [64, 

72]. ER stress is one of the most important factors for disease progression in NAFLD 

[4]. Thus, reticulum stress disturbs hepatic lipid metabolism by deregulation of 

lipogenic genes, promotes insulin resistance, and activates several proinflammatory 

pathways as NF-B [73, 74]. It has been described that the inflammatory response 

mediates the effect of dysbiosis and endotoxemia in ER stress development [75]. 



Moreover, several studies have described a relationship between CYP2E1 and ER stress 

[76, 77], contributing to NAFLD development [78]. It has already been reported that 

HFD feeding induced the activation of the unfolded protein response (UPR) related to 

reticulum stress [79]. In fact, in the present study HFD increased the gene expression of 

the ER stress markers GRP78 and CHOP, similarly to findings shown in patients whith 

NAFLD [80]. Quercetin supplementation to HFD-fed mice reverted gene expression 

deregulation associated to this stress pathway. The beneficial effect of quercetin on 

reticulum stress could be exerted by a complex mechanism underlying its modulatory 

effect on dysbiosis-mediated gut-liver axis activation and also by counteracting FFA 

and CYP2E1-dependent lipotoxicity as a result of its antioxidant activity, as previouly 

suggested [81]. The blockage of reticulum stress by quercetin could be relevant in the 

progression of steatosis to steatohepatitis, given its central role in the pathogenesis of 

NAFLD [80].  

Inflammasomes are multiprotein complexes composed of a NOD-like receptor family, 

NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC) and 

procaspase 1 that act as PAMP and DAMP sensors [4]. The NLRP3 binding to ASC 

causes caspase-1 activation, driving the inflammatory response [82]. The ligands and 

triggers of inflammasome initiation response in NAFLD are only partially understood. 

However, it has been recently reported that both activation of dysbiosis-induced TLR-

NF-B signaling pathway and oxidative stress-related lipotoxicity are involved in 

inflammasome response, which regulate the development and progression of NAFLD 

[9, 10, 83]. We observed an overexpression of hepatic inflammasome component 

NLRP3 and the subsequent activation of caspase-1, which could be associated with 

disease progression as shown in patients with NAFLD [84]. Also, a gender specific 

inflammasome activation has been reported in male mice fed a high-fat diet as NAFLD 



model [85]. As expected, quercetin significantly inhibited sobreexpression of NLRP3 

inflammasome and its downstream pathway activation because of its proven capacity to 

counteract dysbiosis-related TLR induction in addition to its well-known antioxidant 

properties, supporting previous results obtained in an in vivo model of diabetes [86]. 

Furthermore, it has been found that oxidative stress-mediated NLRP3 inflammasome 

activation also promoted lipid accumulation by deregulation of lipid metabolism-related 

genes expression in a high-fat diet model of NAFLD [87]. Consequently, a similar 

mechanism involving inflammasome initiation response blockage by quercetin may also 

underlie its modulatory effect on hepatic gene expression related to lipid metabolism 

alteration, reinforcing the role of this flavonol as a potential therapeutic strategy for 

preventing NAFLD development and progression.  

 

Conclusions 

Our results suggest that quercetin exerts its protective effect on HFD-induced NAFLD 

development by means of integrative responses involving its antioxidant, anti-

inflammatory and prebiotic capacities. Thus, the modulatory activity of quercetin is 

mediated by intestinal microbiota dysbiosis, related gut-liver axis activation and 

lipotoxicity blockage, and subsequent inhibition of inflammasome response and 

reticulum stress pathway activation. Finally, these modulatory effects displayed by 

quercetin counteract lipid metabolism gene expression deregulation implicated in the 

development and progression of obesity-associated fatty liver disease (Fig. 8). However, 

further investigations to establish the precise molecular mechanisms implicated are 

necessary.  
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Figure legends 

 

Fig 1. Effect of quercetin on liver histology and lipid accumulation and lipoperoxidation 

in HFD-fed mice. (A) Representative Haematoxylin & Eosin staining liver sections 



from HFD or HFDQ groups, compared with Control (x100). (B) NAFLD activity score 

(NAS) (calculated from individual scores for steatosis, lobular inflammation and 

ballooning). (C) Lipid droplets and lipid peroxidation were measured using Bodipy 

493/503 (green) and Bodipy 581/591 C11 (red), respectively (x100). Nuclei were stained 

with DAPI (blue). Merged of triple label images are also shown. Photographs shown are 

representative of 10 animals per group. (D and E) Triglyceride and free fatty acid 

contents determined as indicated in Materials and Method section. (F) Bar graphs show 

mRNA levels of CYP2E1 determined by RT-qPCR. Data are described as the means ± 

SEM (n=10 mice per group). **P<0.01, ***P<0.001 vs Control; #P<0.05, ##P<0.01 vs 

HFD. 

 

Fig 2. Effect of quercetin on lipid metabolism gene expression in HFD-fed mice. (A and 

B) Bar graphs show mRNA levels of LXR, SREBP-1c, FAT/CD36, FABP1, FOXA1, 

C/EBP and FAS determined by RT-qPCR. (C) Representative western blot of FAS 

protein expression in liver with 1 sample per group is shown. -actin levels were used 

as a loading control. Bar graphs show densitometry analysis of specific bands expressed 

as percentage relative to Control (100%). Data are described as the means ± SEM of 

(n=10 mice per group). *P<0.05, **P<0.01, ***P<0.001 vs Control; #P<0.05, ##P<0.01, 

###P<0.001 vs HFD. 

 

Fig 3. Effect of quercetin on gut microbiota balance in HFD-fed mice (phylum level). 

(A) Pie chart showing the differences in bacterial community composition at the 

phylum level between control and HFD mice with and without supplementation of 

quercetin. (B) Firmicutes/Bacteroidetes ratio of control group and HFD-fed mice with 

and without quercetin supplementation. The lines between the bars represent significant 



differences using the Mann-Whitney U Test. (C) Principal Coordinates Analysis 

(PCoA) plot derived from the Morisita-Horn dissimilarity index at the phylum level 

between the four groups. The percentage of the total variance explained is indicated in 

parenthesis in each axis. Shaded areas denote sample clusters according to diet. (D) 

Total bacteria concentration analyzed by qPCR between the four groups. Statistical 

analysis were performed using Kruskal-Wallis followed by Mann-Whitney U test 

(P<0.05). 

 

Fig 4. Effect of quercetin on gut microbiota balance in HFD-fed mice (genus level). 

Box plot representing the differences between control and HFD mice with and without 

quercetin at the genus level using The Mann-Whitney U test (P<0.05). (A) Box plot 

showing a higher detection in mice fed with HFD in comparison to the control group. 

(B) Box plot representing the differences in Helicobacter genus detection between 

control group and HFD-fed mice group with and without quercetin supplementation. 

(C) Box plot showing a lower detection in HFD group in comparison to the control 

group.  

 

Fig 5. Effect of quercetin on SCFAs production and intestinal barrier integrity in HFD-

fed mice. (A) SCFAs (acetate, propionate and butyrate) levels were measured in caecal 

samples by gas chromatography-mass spectrometry (GC-MS). (B) Representative 

western blot of claudin 1, occludin and intestinal alkaline phosphatase (IAP) protein 

expression in small intestine with 1 sample per group is shown. -actin levels were used 

as a loading control. Bar graphs show densitometry analysis of specific bands expressed 

as percentage relative to Control (100%). Data are described as the means ± SEM of 



(n=10 mice per group). **P<0.01, ***P<0.001 vs Control; #P<0.05, ##P<0.01, 

###P<0.001 vs HFD. 

 

Fig 6. Effect of quercetin on endotoxemia and TLR-4-NF-B signaling pathway 

activation in HFD-fed mice. (A) Plasma LPS and ethanol levels were measured using 

the LAL Chromogenic Endotoxin Quantitation Kit and the colorimetric Ethanol Assay 

Kit, respectively. (B) Bar graphs show mRNA levels of TLR-4 determined by RT-

qPCR (upper panel). Representative western blot of TLR-4 protein expression in liver 

with 1 sample per group is shown (lower panel). -actin levels were used as a loading 

control. Bar graphs show densitometry analysis of specific bands expressed as 

percentage relative to Control (100%). (C) NF-B activation was measured by 

quantification of nuclear and cytosolic p65 levels. Representative western blots with 1 

sample per group are shown. Lamin A and -actin levels were used as a loading control 

of nuclear and cytosolic p65, respectively. Bar graphs show densitometry analysis of 

specific bands expressed as percentage relative to Control (100%). (D) Bar graphs show 

mRNA levels of TNF- and IL-6 determined by RT-qPCR. Data are described as the 

means ± SEM of (n=10 mice per group). **P<0.01, ***P<0.001 vs Control; #P<0.05, 

##P<0.01, ###P<0.001 vs HFD. 

 

Fig. 7. Effect of quercetin on inflammasome activation and ER stress pathway induction 

in HFD-fed mice. (A) NLRP3 inflammasome and its downstream pathway activation. 

Left panel: Bar graphs show mRNA levels of NLRP3 and caspase 1 determined by RT-

qPCR. Right panel: Representative western blots of NLRP3 and active caspase 1 protein 

expression in liver with 1 sample per group are shown. -actin levels were used as a 

loading control. Bar graphs show densitometry analysis of specific bands expressed as 



percentage relative to Control (100%). (B) Reticulum stress pathway activation. Left 

panel: Bar graphs show mRNA levels of ER stress markers GRP78 and CHOP 

determined by RT-qPCR. Right panel: Representative western blots of GRP78 and 

CHOP protein expression in liver with 1 sample per group are shown. -actin levels 

were used as a loading control. Bar graphs show densitometry analysis of specific bands 

expressed as percentage relative to Control (100%). Data are described as the means ± 

SEM of (n=10 mice per group). **P<0.01, ***P<0.001 vs Control; #P<0.05, ##P<0.01, 

###P<0.001 vs HFD.  

 

Fig. 8. Modulation of intestinal microbiota imbalance and related gut-liver axis 

activation by quercetin improves HFD-induced NAFLD in mice. The protective effect 

of quercetin is mediated by dysbiosis-induced TLR-4-NF-B signaling pathway 

activation and FFA and CYP2E1-dependent lipotoxicity blockage, counteracting 

inflammasome initiation response as well as reticulum stress pathway induction. This 

integrated antioxidant, anti-inflammatory and prebiotic effect of quercetin treatment 

leads to the improvement of lipid metabolism deregulation implicated in HFD-driven 

NAFLD development. 

 

Fig 1S. Principal Coordinates Analysis (PCoA) plot derived from the Morisita-Horn 

dissimilarity index at the genus level among control group with (ControlQ) and without 

quercetin (Control) and HFD-fed mice supplemented with (HFDQ) or without quercetin 

(HFD). The percentage of the total variance explained is indicated in parenthesis in each 

axis. Shaded areas denote sample clusters according to diet. Dashed lines show the 

HFD-fed mice supplemented with quercetin subset. 



 

Fig. 2S. NAFLD activity score (NAS) correlated with Firmicutes/Bacteroidetes ratio 

and total bacteria concentration. (A) Correlation between NAS and 

Firmicutes/Bacteroidetes ratio, (B) Correlation between NAS and total bacteria 

concentration (ng/l) of control mice (Control), control-fed mice supplemented with 

quercetin (ControlQ), HFD-fed mice (HFD) and HFD-fed mice supplemented with 

quercetin (HFDQ) for 16 weeks. Pearson’s r correlation and corresponding P value were 

shown. 

 

Table 1. Bacterial 16S rRNA gene primers used for real-time PCR. 

Target Group Primer name Sequence (5´-3´) 
Annealing 

Temperature 
(ºC) 

All bacteria 
(Universal) 

926F AAACTCAAAKGAATTGACGG
59ºC 

1062R CTCACRRCACGAGCTGAC 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 2. Primers and probes used for the RT-qPCR. 

Gene Genbank Assay ID 
Amplicon 

size 
Dye 

LXR NM_001177730.1 Mm00443454_m1 79 FAMTM 

SREBP-1c NM_011480.3 Mm00550338_m1 62 FAMTM 

FAT/CD36 NM_001159555.1 Mm01135198_m1 112 FAMTM 

FAS NM_007988.3 Mm00662319_m1 67 FAMTM 

FABP1 NM_017399.4 Mm00444340_m1 72 FAMTM 

FOXA1 NM_008259.3 Mm00484713_m1 68 FAMTM 

C/EBP NM_007678.3 Mm00514283_s1 99 FAMTM 

TLR-4 NM_021297.2 Mm00445273_m1 87 FAMTM 

IL-6 NM_031168.1 Mm00446190_m1 78 FAMTM 

TNF- NM_001278601.1 Mm00443258_m1 81 FAMTM 

NLRP3 NM_145827.3 Mm00840904_m1 84 FAMTM 

Caspase 1 NM_009807.2 Mm00438023_m1 99 FAMTM 

GRP78 NM_001163434.1 Mm00517691_m1 75 FAMTM 

CHOP NM_007837.4 Mm00492097_m1 82 FAMTM 

CYP2E1 NM_021282.2 Mm00491127_m1 83 FAMTM 

GAPDH NM_008084.2 4352339E 107 VICTM 

LXR, liver X receptor alpha; SREBP-1c, sterol regulatory element binding protein 1c; 
FAT/CD36, fatty acid translocase CD36; FAS, fatty acid synthase; FABP1, fatty acid 
binding protein 1; FOXA1, forkhead box protein A1; C/EBP, CCAAT/enhancer 
binding protein alpha; TLR-4, toll-like receptor 4; IL-6, interleukin 6; TNF-tumor 
necrosis factor; NLRP3, NOD-like receptor family pyrin domain containing 3; GRP78, 
78 kDa glucose-regulated protein; CHOP, CCAAT-enhancer-binding protein 
homologous protein; CYP2E1, cytochrome P450 2E1; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.  
 

 
 

 



 

Table 3. Effect of quercetin on metabolic syndrome-related parameters in mice fed a 

high-fat diet for 16 weeks. 

 Control HFD HFDQ 

Body weight gain (g) 9.2 ± 0.4 22.2 ± 2.3*** 17.2 ± 2.1**# 

Liver weight (g) 1.5 ± 0.1 1.8 ± 0.3* 1.5 ± 0.1# 

Epididymal fat pads 

(% of body weight) 
1.6 ± 0.1 6.2 ± 0.2*** 4.3 ± 0.1**### 

Food intake (g/day) 3.3 ± 0.1 2.9 ± 0.1* 2.9 ± 0.1* 

Fasting glycemia 

(mg/dl) 
111.7 ± 7.3 170.6 ± 18*** 154.8 ± 12**# 

Fasting insulinemia 

(ng/ml) 
0.4 ± 0.4 1.6 ± 0.5*** 1.1 ± 0.2## 

HOMA-IR 2.7 ± 1.6 17.2 ± 2.8*** 11 ± 1.5**## 

ALT (U/l) 21.8 ± 2.3 67.1 ± 16** 43.3 ± 4.8# 

TG (mg/dl) 25.2 ± 2.5 36.8 ± 1.8** 26.6 ± 3.1## 

IL-6 (pg/ml) 27.6 ± 2.0 102 ± 6.9*** 76 ± 5.2***## 

Data are means ± SEM (n=6 mice per group). *p<0.05, **p<0.01, ***p<0.001 vs 
Control; #p<0.05, ##p<0.01, ###p<0.001 vs HFD. ALT, alanine aminotransferase; 
HOMA-IR, homeostasis model assessment of insulin resistance; TG, triglycerides. 
 

 
 
 
 
 

 

 



 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 


