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Abstract
[bookmark: _GoBack]Flavonoids and anthocyanidins are compounds present in fruits and vegetables. They can be absorbed from the intestine to the bloodstream in man and also can pass into the large intestine, where are various different species of bacteria and enzymes in intestinal cells. The aim of the present work was to investigate the intestinal metabolism of selected dietary polyphenol and polyphenol glycosides (quercetin, cyanidin-3-O-glucoside, cyanidin-3-O-galactoside, and delphinidin-3-O-galactoside) by human faecal bacteria. Moreover, metabolites formed from these compounds were also studied with human colon carcinoma cells (Caco-2). 1 g of human stool was mixed in Mueller-Hinton broth and then incubated with selected compounds for 6 or 20 h at 37°C. Subsequently, the reaction was stopped by cooling down and then was precipitated. Prepared samples were injected into LC/MS. Metabolites observed in this study were further tested on Caco-2 cells. These experiments were performed with RPMI‑1640 medium and test compounds (4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 2,4,5-trihydroxybenzaldehyde, and 2,4,6-trihydroxybenzaldehyde). The incubation time and the preparation of samples for LC/MS were the same as in the case in the study with bacteria. Main metabolic pathways were deglycosylation, hydrogenation, methylation, hydroxylation, and decomposition. Metabolites formed by faecal bacteria were further glucuronidated or methylated by intestinal enzymes. In conclusion, natural compounds can be metabolized by intestinal bacteria and metabolites created in the intestine can further pass into intestinal barrier and can be metabolized in the intestinal cells. This metabolite profiling of natural compounds has helped to better understand their metabolism in the intestine in man.




Introduction
Fruits and vegetables are generally accepted as healthy food as they are known to contain many compounds with beneficial effects on human health when they are consumed in an adequate amount [1, 2]. There are present for example flavonoids or anthocyanidins which may possess anti-inflammatory, neuro-protective, anti-microbial, anti-viral and anti-thrombotic properties [3-5] and they can be used for disease prevention or as a supplementation in the treatment of diseases.
One of these flavonoids of interest is quercetin, a compound with a flavonol structure, which is naturally found in fruits, vegetables, and nuts in its various glycosylated forms. For example, quercetin-3-O-galactoside is contained in plums, mango, or berries, similarly as quercetin-3-O-glucoside which is moreover present in onions, black beans, or black olive. Quercetin-3-O-rutinoside was found in tomatoes and buckwheat besides already mentioned fruits and vegetables [6-8]. Other naturally occurring polyphenols include various glycosides of cyanidin and delphinidin, which are found in several types of berries, black olives, or black beans [8-11].
These flavonoids can be absorbed from the intestine but also can pass into the large intestine, where are various different species of bacteria (with dominant bacterial phyla of Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicrobia [12]). These bacterial species are in a total amount of up to 1010 – 1012 colony forming units (CFU)/ml intestinal content [13] and express enzymes with the ability to produce various differently hydroxylated aldehydes and acids [14]. Besides deglycosylation of naturally occurring polyphenols with sugar moieties and deconjugation of metabolites formed by biotransformation enzymes in the liver and in the intestinal wall, gut microbiota can also interconvert various conjugates. For example, the conversion of cyanidin-3-O-rutinoside to cyanidin-3-O-glucoside was observed during in vitro test in the presence of 1% active gut flora with active α,L-rhamnosidase and β,D‑glucoside [15]. Detailed pathways for degradation products following oral administration and any effects of formed metabolites on the human intestinal wall are still unknown. The aim of the present work was therefore to investigate the intestinal metabolism of selected dietary polyphenol and polyphenol glycosides (quercetin, cyanidin-3-O-glucoside, cyanidin-3-O-galactoside, and delphinidin-3-O-galactoside; shown in Fig. 1) by human faecal bacteria and to determine whether metabolites formed from these compounds, namely 2,4,5-trihydroxybenzaldehyde, 2,4,6-trihydroxybenzaldehyde, 3,4-dihydroxybenzoic acid, and 4‑hydroxybenzoic acid, are further metabolized in human Caco-2 colon carcinoma cells. Furthermore, possible harmful effects of these biotransformation products on the human organism as well as the gut microbiota have been discussed.
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Fig. 1. Chemical structures of selected naturally occurring polyphenols and polyphenol glycosides investigated in this work.

Materials and Methods
Chemicals
Human Caco-2 colon carcinoma cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA, United States). Mueller-Hinton broth (MHB) for bacterial incubation was purchased from Bio-Rad (Hercules, California, USA). Roswell Park Memorial Institute (RPMI) 1640 medium, PenStrep®-solution, fetal bovine serum, and Dulbecco’s phosphate buffered saline (DPBS) for experiments with Caco-2 cells were obtained from the Invitrogen Corporation (Thermo Fisher Scientific, Inc., Waltham, MA, United States). Standards of quercetin, 2,4,5-trihydroxybenzaldehyde, 2,4,6-trihydroxybenzaldehyde, 3,4-dihydroxybenzoic acid, and 4-hydroxybenzoic acid as well as dimethylsulfoxide (DMSO; for molecular biology) were purchased from Merck KGaA (Darmstadt, Germany). Cyanidin-3-O-glucoside chloride, cyanidin-3-O-galactoside chloride and delphinidin-3-O-galactoside chloride were obtained from Phytoplan (Heidelberg, Germany). Methanol and acetonitrile (HPLC-gradient grade) were purchased from VWR International (Radnor, Pennsylvania, USA), formic acid was obtained from Lach-Ner (Neratovice, Czech Republic). Fresh ultra-pure water was prepared via ULTRAPUR laboratory unit (Watrex Praha, Prague, Czech Republic).

Faecal bacteria sample preparation
Fresh human faecal bacteria were obtained from a sample of faeces obtained from a healthy male volunteer (39 years old). For extraction, 1 g of human faeces was mixed with 5 ml of fresh Mueller-Hinton broth (MHB) and incubated for 2 h at 35 °C (in order to prevent the loss of bacteria present in the sample, a lower temperature than 37 °C was set). Afterwards, the inoculated broth was diluted ten-fold and divided into 1.5 ml test-tubes. To elucidate the metabolism of quercetin, cyanidin-3-O-glucoside chloride, cyanidin-3-O-galactoside chloride, and delphinidin-3-O-galactoside chloride by the faecal bacteria, all test compounds were dissolved in ultrapure water or in 60% DMSO (for quercetin) to give a final concentration of 2.55 mM. Afterwards, 20 µl of these solutions were added to the diluted inoculated MHB to obtain a final concentration of 50 µM of the respective test compounds (for quercetin, final DMSO concentration was 1.2 %) as a suitable concentration to detect metabolites and a loss of parent compounds. Prepared solutions were incubated at 37 °C (like in human colon) for 6 or 20 h. Shorter incubation time was not sufficient for the detection of metabolites (we have already tested it) and contrary typical experimental time 24 hours could be too much longer to study metabolism selected compounds. Subsequently, all potential metabolic reactions were stopped by cooling the samples on ice and samples were centrifuged at 18 000 g for 10 min at 4 °C. 100 µL of supernatants were mixed with 400 µL of a mixture of methanol/acetonitrile/water (4:5:1; v/v/v). Subsequently, samples were centrifuged at 18 000 g for 10 min at 4 °C again and clear supernatants (quercetin samples were additionally acidified with 0.1% formic acid) were injected onto the LC/MS column.
Sediment of each sample obtained after first centrifugation was mixed with 200 µl of fresh ultra-pure water with lysozyme and sonicated for 3 × 10 s. Samples were then centrifuged at 18 000 g at 4 °C for 10 min. 100 µl of supernatants were further prepared for LC/MS analyses the same way as in samples after incubation with bacteria.
All control samples (fresh MHB containing no faecal bacteria in the presence or absence of the test compounds, and inoculated MHB containing faecal bacteria but no test compounds) were treated the same way to exclude any bias due to spontaneous degradation of the test compounds or spontaneous endogenous metabolite formation in the faecal bacteria.

Bacterial sample preparation for MALDI-TOF analyses
A small amount of bacterial culture with a toothpick was applied on the MALDI-TOF MS target plate that was overlaid with 100 µl of -kyano-4hydroxycinnamic acid. The plate was inserted into the instrument. Measured MS spectra were compared with the library of mass spectra of microorganisms (MALDI Biotyper Systems, Billerica, MA, US) which serves to identify microorganisms at the genus, species and strain level.

Caco-2 cell culture and sample preparation
Human Caco-2 colon carcinoma cells were routinely cultivated at 37 °C (95% humidity and 5% CO2) in RPMI-1640 medium containing phenolred as indicator, fortified with 1% PenStrep®-solution and 10% fetal bovine serum. All experiments were performed in triplicates during the exponential growth phase of the cell line. For the metabolism studies, cells were seeded in 6-well-plates at a density of 3.0 x 105 cells per well and allowed to attach for 4 days. To elucidate the metabolism of 4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 2,4,5-trihydroxybenzaldehyde, and 2,4,6-trihydroxybenzaldehyde, all four test compounds were dissolved in sterile-filtered DMSO and added to the culture medium at a concentration of 50 µM (final DMSO concentration was 0.1 %). After incubation for 6 or 20 h, respectively (the incubation time as well as the concentration was selected for the same reason as in the case in study with bacteria), cellular supernatants were removed and the cell layers washed using cold (4 °C) DPBS solution. Cell layers and cellular supernatants were then stored at -80 °C until further analysis. Control samples containing no test compounds were processed with each batch to exclude any endogenous metabolite formation by the Caco‑2 cells and spiked media were also incubated in the absence of Caco-2 cells to monitor any possible degradation of the test compounds over the investigated time-span. Prior to the preparation of the LC/MS samples, all samples were thawed at room temperature, then 400 µl of ultra-pure water was added to all samples and all contents of the wells were transferred into clean 1.5 ml test-tubes. Subsequently, 200 µl of resuspended cells were lysed by Precellys kit (Bertin Technologies SAS, Montigny-le-Bretonneux, France) for 4 ×10 s at 7 500 rpm. The volume of 50 µl of homogenized suspension was mixed with 200 µl of a mixture of methanol/acetonitrile/water (4:5:1; v/v/v). Subsequently, samples were centrifuged at 18 000 g for 10 min at 4 °C and 3 µl of the clear supernatants were injected onto the LC/MS column.

LC/MS analyses
All samples were analyzed using a Waters ACQUITY I-Class UPLC system (Waters, Milford, MA, USA), equipped with a binary solvent manager, an autosampler (kept constantly at 10 °C), and a column oven (set to 40 °C). Chromatographic separation was performed on an Acquity UPLC BEH C18 analytical column (100 mm × 2.1 mm i.d., with 1.7 µm particles) from the same company. Mobile phase consisted of water containing 0.01% formic acid (solvent A) and methanol (solvent B). The linear gradient profile was as follows: 0 – 8 min. 0 % B, 8 – 11 min. 0 – 100 % B, 12 – 13 min. 100 – 0 % B, 13 - 15 min. 0 % B with flow rate 0.25 ml/min. The injection volume was 3 µl.
A Waters Synapt G2-S Mass Spectrometer (Waters, Manchester, UK) was connected to the UPLC system via an electrospray ionization (ESI) interface. The ESI source operated in positive and negative mode with a capillary voltage of 2.20 kV and -1.80 kV, respectively, and the sampling cone worked at 40 V. The source temperature and the desolvation temperature were set to 110 °C and 220 °C, respectively. The cone and desolvation gas flows were 30 l/h and 480 l/h. Data were acquired from 50 to 1500 Da with a scan time of 0.1 s. The mass spectrometer was calibrated over a mass range from 50 to 1500 Da using a solution of sodium formate in acetonitrile. Data were automatically centroided and mass corrected during acquisition using a leucine-enkephalin external reference with the concentration of 20 µg/l in a mixture of water/acetonitrile/formic acid (100:100:0.2) and flow rate of 10 µl/min. Data acquisition was achieved using two interleaved scan functions (MSE experiments), which enabled the simultaneous acquisition of both low-collision-energy (low CE) and high-collision-energy (high CE) mass spectra from a single experiment. The low trap CE was set to 4 V and the low transfer CE was set to 0 V for Function 1. For Function 2 (high CE), the trap CE was set to 4 V and the transfer lenses were ramped CE in the range of 5 – 20 V.

Data analysis and statistics
Data from experiments were evaluated semiquantitatively where measured data of parent compounds were compared with measured data of metabolites. Results were expressed as a percentage. The loss of parent compounds in experimental samples with Caco-2 cells was statistical analysed using non-parametric Mann-Whitney U test on the significance level of 0.05.

Results and Discussion

Bacterial composition in human faecal sample
All experiments were performed with fresh human faecal bacteria [16, 17]). In these faecal samples, an aerobic cultivation method with MALDI‑TOF MS instrument was used for the qualitative and quantitative evaluation of bacterial composition. Citrobacter freundii, Enterobacter cloacae, Enterococcus faecalis, Escherichia coli, and Klebsiella pneumoniae were identified as the most represented facultative anaerobic bacteria species in our human faecal sample with the concentration of 107 CFU/ml of each. These species are commonly present in the physiological flora of the intestine [18]. Pathogenic genera of bacteria like Campylobacter, Salmonella, Shigella, or Yersinia have not been proven in the faecal sample.
It is already known that Citrobacter freundii produces hydrogen from glucose, sucrose, or lactose [19]; therefore, the hydrogenation could be observed in our experiments. On the contrary, in the presence of oxygen, Enterococcus faecalis produces extracellular reactive oxygen species that can react with other extracellular molecules [20]. Although, it does not display typical oxygen-dependent pathways such as a tricarboxylic acid cycle and oxidative phosphorylation because it lacks key enzymes (such as fumarase and aconitase), it is able to respire aerobically using a cytochrome bd terminal oxidase when grown in the presence of hemin [21]. Oxidation reactions, such as a transformation of demethylmenaquinol into demethylmenaquinone, lead to a one-electron reduction of O2 to the formation of superoxide radical and subsequently to hydrogen peroxide. These pathways are also known in Escherichia coli species [22]. Therefore, oxidative reactions could be observed in our experiments as well. The lumen of the intestine is not strictly anaerobic; some molecules of oxygen are present inside and values of pO2 for various sites along the intestine indicate its heterogeneity. Although the oxygen concentrations drop sharply to near anoxia towards the centre of the lumen, facultative anaerobic bacteria who settled within 1250 µm from the epithelial surface still have molecules of oxygen available [23]. These pieces of knowledge show that metabolic reactions of bacteria can be a reduction but also an oxidation.
All metabolites measured in our experiments were produced from the aglycone which means that if the glycoside was used a substrate, the sugar moiety was cleaved from the glycoside molecule at first. It is already known that O-deglucosylation of anthocyanins is caused by an action of β-glucosidases. Several bacteria with an activity of these enzymes are dominant members of the human intestinal microbiota. These include bacteria belonging to the family of Bifidobacteriaceae (Bifidobacterium adolescentis, Bifidobacterium longum), Enterococcaceae (Enterococcus faecalis), Bacteriodaceae (Bacteroides ovatus, Bacteroides uniformis), Lactobacillacaeae, Tannerellaceae (Parabacteroides distasonis), or Enterobacteriaceae (Escherichia coli) [24-27]. Some of them are mainly known for its probiotic effect. These bacteria are mainly found in milk products, beverages and some dietary supplements [28].

Metabolism of quercetin by human faecal bacteria
Quercetin, a flavonol-structured aglycone, was chosen for our study predominantly due to its low bioavailability. In fact, a sugar moiety of quercetin glycosides is a major determinant of their absorption and bioavailability. There are some explanations, glucosides of quercetin are more water soluble than their aglycone, moreover, they are absorbed through sodium-dependent glucose transporter 1 (SGLT1) that is located in apical membrane of small intestinal villi. On the contrary, quercetin aglycone is not a substrate of SGLT1 [29-31]. Other possible transport way of quercetin glycosides (such as quercetin glucoside, quercetin galactoside, quercetin arabinoside) into intestinal cells is their hydrolysis by lactase phlorizin hydrolase (LPH) that is glycoside hydrolase on the outside of the brush border membrane of the small intestine. Liberated aglycone is then absorbed across the intestinal epithelium primarily by passive diffusion and secondarily by organic anion transporting polypeptide (OATP). Alternatively it goes back through efflux multidrug resistance-associated protein 2 (MRP2) into intestinal lumen and passes along small intestine to the large intestine [32, 33]. Therefore, quercetin without sugar moiety reaches large intestine more likely than its glycoside and there is a certain possibility of metabolism quercetin by intestinal bacteria. For this reason, quercetin was selected for our study.
As results show, quercetin was partly absorbed into faecal bacterial cells during 6 h incubation. During this time-span was quercetin aglycone metabolized to four metabolites; three of them were detected only in MHB and the fourth was measured only in the bacterial cells (Table 1). The total number of quercetin metabolites measured after incubations was seven, where major metabolites were observed in MHB after 6 h as well as after 20 h incubation and were detected by LC/MS in 1.00 and 1.07 min, respectively, with [M-H]- 157. Six metabolites were detected in MHB, not inside bacterial cells, and only one metabolite with the elementary composition C15H8O7 was trapped inside the cells and was not further excreted. Metabolic reactions included in the experiment with quercetin and faecal bacteria were mainly decomposition. Molecule of quercetin was decomposed to 4-hydroxybenzoic acid (Fig. 2) and two metabolites with [M-H]- 157, probably 5-oxohex-2-enedioic acids with an E- or Z-configuration (Fig. 3). Retention times of the latter metabolites are closed; therefore we presume that there is an E-Z isomerism. Metabolite 5-oxohex-2-enedioic acid with the Z-configuration, also known as 4-oxalocrotonic acid, has been already studied by Sala-Trepat et al. (1971) where authors describe an aerobic catabolism of catechol in bacteria (catechol group is included in quercetin molecule). One of the decomposition pathways of catechol is a meta-ring cleavage pathway that leads through 2-hydroxymuconic semialdehyde, 2-hydroxymuconic acid, and 4-oxalocrotonic acid to the formation of pyruvate and acetaldehyde [34, 35]. However, the cleavage pathway can obviously lead to the formation of both isomers (with a Z- but also E-configuration, Fig 4.). We do not have commercial standards of these compounds; therefore, it is our presumption. The pathway of the conversion of quercetin to catechol in bacterial cells probably leads through 4-hydroxybenzoic acid (also detected in our experiment, Fig. 2.). This intermediate is subsequently metabolized to 3,4-dihydroxybenzoic acid and this is afterwards transformed into catechol [36]. Nevertheless, there is also other possibility of the formation of metabolites with [M-H]- 157, a quercetin decomposition through hydroxyquinol. On this pathway, maleylacetic acid (or its enol form 3-hydroxymuconic acid) is produced from hydroxyquinol and this acid is subsequently metabolized to 3-oxoadipate whose products participate in the tricarboxylic acid cycle [35]. Maleylacetic acid (with also [M-H]- 157) is 4-oxohex-2-enedioic acid with the Z-configuration. If our metabolite is maleylacetic acid, there is also possibility a formation both isomers (with the Z- but also E-configuration, Fig. 4).
Other quercetin metabolite measured in experimental samples after 6 as well as after 20 h incubation was 3´-O-methyldihydroquercetin or 4´-O-methyldihydroquercetin (Fig. 5), measured only in MHB. Its formation was probably caused by hydrogenation of quercetin to form taxifolin that was subsequently O-methylated in position 3´- or 4´. In view of the fact that taxifolin is dihydroquercetin, metabolites measured in our experiment can be also termed 3´- or 4´-O-methyltaxifolin. The presence of 3´-, 4´-, but also 7´-O-methyltaxifolin in faeces was already observed by Yang et al. [37] and our study confirmed that O-methylation of dihydroquercetin in the intestine can be caused by intestinal bacteria. The formation of O‑methylated metabolite was probably caused by O-methyltransferases that are present in bacterial cells [38].
Metabolite with the elementary composition C15H8O7 was detected only inside bacteria after 6 h incubation and its formation was probably caused by quercetin dehydrogenation. The ability to dehydrogenate polyphenolic compounds (such as quercetin) is known in polyphenol oxidase (PPO) enzymes. They catalyze oxidation of o-diphenols to the corresponding o-quinones by a catecholase/diphenolase activity in the presence of its co-substrate oxygen [39, 40]. These enzymes are present, among other things, also in bacterial cells; therefore, we detected C15H8O7 metabolite only inside bacteria. Two last metabolites with [M-H]- 300 and elementary composition C12H12O9 were formed only after 20 h incubation in MHB probably by decomposition of quercetin (their exact molecule structure is not known).
Results show that the parent compound and only one metabolite entered into bacterial cells, schematic drawn in Fig. 6. Nevertheless, the differently long incubation uncovered the mechanism of studied metabolism only partially. Quercetin metabolites observed in our study are probably only a fraction of complex metabolism of quercetin. According the literature, we drawn the mechanism of quercetin metabolism by intestinal bacteria with our observed metabolites which are signed bold (Fig. 7). All experimental analyses were compared with analyses of control samples. Metabolites were not present in control samples and the parent compound quercetin was present in control sample (control with MHB and the parent compound) even after 20 hours. Therefore, quercetin did not spontaneously decompose and all detected metabolites were produced by an action of bacteria.
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Table 1. LC/MS screening of quercetin metabolites present outside or inside faecal bacteria after 6 h or 20 h incubation.
	Elementary composition
	Retention time
[min]
	Measured ion
[M-H]-
	Conversion of quercetin
to metabolite
 (semiquantitative evaluation)
	Reaction of metabolite formation
	Suggested metabolite

	
	
	
	MHB
	Bacteria
	
	

	
	
	
	6 h
	20 h
	6 h
	20 h
	
	

	C6H6O5
	1.00
	157.0137
	+++
	+++
	-
	-
	decomposition
	(E)-5-oxohex-2-enedioic acid
(Z)-5-oxohex-2-enedioic acid


	C6H6O5
	1.07
	157.0137
	+++
	+++
	-
	-
	decomposition
	

	
C7H6O3
	
1.38
	
137.0239
	
-
	
+
	
-
	
-
	
decomposition
	
4-hydroxybenzoic acid

	
C16H14O7
	
1.74
	
317.0659
	
+
	
+
	
-
	
-
	
hydrogenation, methylation
	3´-O-methyldihydroquercetin

	
C12H12O9
	
2.90
	
300.0481
	
-
	
+
	
-
	
-
	
decomposition
	
M1

	
C12H12O9
	
3.14
	
300.0481
	
-
	
+
	
-
	
-
	
decomposition
	
M2

	
C15H8O7
	
10.79
	
299.0192
	
-
	
-
	
+
	
-
	
desaturation
	
2-(3-hydroxy-4-oxophenyl)-5-hydroxychroman-3,4,7-trione


M1 and M2 represent unknown metabolites.
Signs show the conversion of quercetin to metabolite in the sample: -, 0 %; +, 1 - 9 %; ++, 10 ‑ 19 %; +++, 20 - 30 %.
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Fig. 2. Representative LC chromatograms of control sample with quercetin (A), experimental sample incubated 6 h (B), and experimental sample incubated 20 h (C). Figure above represents MS spectrum of signal detected in 1.38 min (D) in experimental sample incubated 20 h. The m/z marked in a circle in mass spectrum corresponds with [M-H]- of 4‑hydroxybenzoic acid (chemical structure is shown).

[image: D:\Dokumenty\Disk Google\PhD a prace\UF Olomouc\probiotics\mereni\Inkubace probio\Inkubace 2017\KVERCETIN\kvercetin 157.jpg]
Fig. 3. Representative LC chromatograms of control sample with quercetin (A), experimental sample incubated 6 h (B), and experimental sample incubated 20 h (C). Figures above represent MS spectra of signals detected in 1 min (D) and 1.07 min (E) in experimental samples. The m/z marked in a circle in mass spectra corresponds with [M-H]- of 5-oxohex-2-enedioic acid. Two signals with the same m/z in mass spectrum may indicate E-Z isomerism. Chemical structures in E- and Z-configuration of 5-oxohex-2-enedioic acid are shown.


	

(Z)-5-oxohex-2-enedioic acid
	

(E)-5-oxohex-2-enedioic acid

	

(Z)-4-oxohex-2-enedioic acid
	

(E)-4-oxohex-2-enedioic acid


Fig. 4. Molecules of suggested quercetin metabolites in both Z- and E- configurations.


Metabolism of quercetin metabolites by Caco-2 cells
The formation of metabolites by intestinal bacteria is not end-process of parent compounds in the intestine. Their destiny depends on enzymes present in intestinal cells. Our aim was also the study of metabolism of our observed metabolites. We expect that metabolites formed by intestinal microflora can enter into intestinal cells and there can be metabolized by other enzymes present inside of cells. This study was performed with 4‑hydroxybenzoic acid that was formed from quercetin by faecal bacteria. 4‑hydroxybenzoic acid was added to Caco‑2 cells (which are the human epithelial colorectal adenocarcinoma cells) and was incubated the same time as in previous study of quercetin metabolism by faecal bacteria. Our results show that 4‑hydroxybenzoic acid was slightly glucuronidated by phase 2 enzymes (drawn in Fig. 7). Only one metabolite was detected in broth after 6 h incubation in very low concentration. Other metabolites were not observed neither after 6 h nor 20 h incubation as well as neither in broth nor inside Caco-2 cell lines. A decrease of a concentration of 4‑hydroxybenzoic acid was not observed.
The effect of 4‑hydroxybenzoic acid on the Caco-2 cells was not toxic; cells appeared after 6 h as well as 20 h the same as before experiment. This compound is a widely used industrial chemical, used as an intermediate in dyes, pesticides, cosmetics and drugs, as a food preservative, corrosion inhibitor, anti-oxidant, and emulsifier. 4‑hydroxybenzoic acid does not appear to be harmful to health; moreover, it is an intermediate that is converted in the intestine to other metabolites. 
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Fig. 5. Representative LC chromatograms of control sample with quercetin (A), experimental sample incubated 6 h (B), and experimental sample incubated 20 h (C). Figure above represents MS spectrum of signal detected in 1.74 min (D) in experimental samples. The m/z marked in a circle in mass spectrum corresponds with [M-H]- of O-methylated dihydroquercetin (such as 3´-O-methyltaxifolin, the structure is shown).
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Fig 6. Suggested mechanism of quercetin metabolism by human faecal bacteria. White square represents environment of MHB, dark grey shows a place inside bacterial cell, and light gray intersection of circle and square represents a place outside as well as inside of bacteria.
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Fig. 7. Suggested mechanism of quercetin metabolism by human faecal bacteria (in a part of the intestinal lumen) and by Caco-2 cells. The mechanism is in according the literature [35, 41-49], bold molecule structures were detected in our study.
Acetyl-Co, acetyl coenzyme A; PCA, protocatechuic acid (3,4-dihydroxybenzoic acid); TCA, tricarboxylic acid cycle.


Metabolism of cyanidin-3-O-glucoside and cyanidin-3-O-galactoside by human faecal bacteria
Results show that glycosides of cyanidin were not measured inside bacteria, even after 20 hours in experimental samples. Their poor presence was detected only after 6 h incubation in MHB (and also in control sample with parent compound after 20 h as a positive control). Therefore, the parent compounds were measurable after 20 hours in control sample but almost all content of substrates was converted to metabolites during 20 h incubation in experimental samples. Seven metabolites formed by human faecal bacteria were observed by LC/MS after incubation with both cyanidin glycosides (Table 2). In general, the loss of sugar moiety was observed in all metabolites but the aglycone alone was not detected. Probably, the sugar moiety was split from the parent compound by enzymes, β-glycosidases, and remaining aglycone was immediately converted to metabolites that were measured inside and/or outside bacteria.
According to literature, cyanidin-3-O-glucoside and cyanidin-3-O-galactoside are immediately deglycosylated in the small intestine and the corresponding aglycones are rapidly absorbed; however, their systematic bioavailability is quite low. The reason is probably due to an extensive first pass metabolism and thus they enter the systematic circulation already in the form of their metabolites [50-52]. For example, cyanidin-3-O-glucoside reaches detectable plasma concentrations already 15 minutes after oral administration; nevertheless, according to Czank et al. only 12.38 % of the intact compound is absorbed via several active transport mechanisms including bilitranslocase transporter (BTL), SGLT1, mono-carboxylated transporter type 1 (MCT1), and glucose transporters (GLUTs) [11, 53]. Metabolites formed by methylation, glucuronidation, or sulfation reach blood circulation and they are then significantly excreted back into the intestinal lumen via MRP2 protein or other transport proteins located in the enterocytes [14, 54-58]. In spite of the rapid metabolism of these compounds, there is still a small part of intact compounds that are not absorbed and are present in the human large intestine [53]. That is why we decided for the study of these compounds. And probably, as our results show, also the small part of intact compounds that are not absorbed in the small intestine can be metabolized by intestinal microflora.
Three metabolites were measured inside as well as outside of bacteria. Reactions included in these metabolic processes were a reduction by hydrogen and/or by a loss of oxygen or a decomposition of parent compounds to 3,4‑dihydroxybenzoic acid, also known as a protocatechuic acid. It was a major metabolite of cyanidin glycosides with [M-H]- 153 observed in MHB after 6 h as well as 20 h incubation. This acid was also to a small extent measured inside of bacteria but this formation was probably caused by conditions of the incubation and preparation of samples. Protocatechuic acid is already known as a metabolite of anthocyanins [59]. Besides its formation by an action of faecal bacteria, it can be also created spontaneously, as we observed in our study and also it was already published in scientific papers [60, 61]. Effects of protocatechuic acid have been already studied. It has antioxidant, antiatherosclerotic, antiviral, antifibrotic, and anticancer effects. It could be used as an anti-ulcer drug, for a treatment of hyperpigmentation as a skin lightening, also it can significantly decrease degenerating neuronal cell death, additionally it could also be used as a good preservative for food [62-64]. This acid has however much more effects.
Other metabolite was measured as 2,4,5-trihydroxybenzaldehyde that has the same [M-H]- 153 as protocatechuic acid. It was detected in a small amount only in MHB after 20 h incubation. Both metabolites, protocatechuic acid and 2,4,5-trihydroxybenzaldehyde, were identified using commercial standards (Fig. 8). Authors Chen et al. [65] already published that cyanidin glycosides are metabolized to 2,4,6-trihydroxybenzaldehyde by intestinal microflora. However, their study was performed by rats and the rat intestinal microflora can be different to human intestinal microflora. The metabolite 2,4,6-trihydroxybenzaldehyde was also detected in our experimental samples; nevertheless, its presence was observed in control sample with cyanidin glycoside as well. In our study with human faecal bacteria, the formation of 2,4,6-trihydroxybenzaldehyde was caused by spontaneously degradation of cyanidin glycoside (or as a product created by experimental conditions – an effect of pH, temperature), contrarily to 2,4,5-trihydroxybenzaldehyde that was not found in control samples.
Commercial standards for other metabolites were not available; therefore, structures of following metabolites were suggested on the basis of ions measured by LC/MS and their elementary composition. Suggested metabolite 5-hydroxy-2-(4-hydroxyphenyl)-2H-chromen-3,7-dione ([M-H]- 269) was detected after 6 h as well as after 20 h incubation only in MHB, not inside bacteria. Interestingly, similar metabolite but probably more hydroxylated compared with previous one was suggested as 3,5,7-trihydroxy-2-(3,4-dihydroxyphenyl)-2H-chromene ([M-H]- 287). It was observed only after 20 h incubation in MHB as well as inside bacteria (or on their surface). On the other hand, metabolite with the [M-H]- 253 suggested as 5-hydroxy-2-phenyl-2H-chromen-3,7-dione was found after 6 and 20 hours in MHB and also in or on bacterial cells. It seems that 5-hydroxy-2-(4-hydroxyphenyl)-2H-chromen-3,7-dione was formed at first of these three suggested metabolites by a loss of hydroxyl group and it was further dehydroxylated to 5-hydroxy-2-phenyl-2H-chromen-3,7-dione. This metabolite entered into bacteria cells or on their surface where was hydroxylated the other way around. In this case, an effect of pH probably plays a role in changes of molecule structure. Considering that experiments were performed in MHB that has a neutral pH, metabolites could have rearranged double bonds in molecule structure compared to the environment with the low pH [59, 66]. Dehydroxylated metabolites probably had rearranged double bonds due to pH of MHB and thus they were determined as compounds with two keto groups (suggested and shown in Fig. 9). On the other hand, 3,5,7-trihydroxy-2-(3,4-dihydroxyphenyl)-2H-chromene was measured in the enol-form, this metabolite was probably present in close proximity of bacteria cells for longer time and thus this effect was caused by different extracellular pH of bacteria compared to the pH of MHB. The bacterial extracellular pH is more variable then intracellular (cytoplasmic) pH and can be changed due to several factors, such as the growth phase of bacteria, the physiology and optimum pH of bacteria, or a metabolism itself may also change the extracellular pH [67]. Mechanisms that regulate extracellular as well as intracellular pH can be a coupling transmembrane proton movements to an energetically favourable exchange with cations (K+, Na+) or anions (Cl-), or metabolic switching to generate acidic or neutral end-products [68]. For this reason, the pH in extracellular space can change. We have seen these little changes in molecular structure because samples were not acidified during their preparation for LC/MS determination. Then we could estimate the mechanism of bacterial metabolism of these compounds. The mechanism consists in the hydrogenation of compounds due to a lower pH (due to the presence of H+ ions) and in the hydroxylation that could by caused by hydrogen peroxide that is formed in bacterial cells.
Other two unknown metabolites with [M-H]- 281 and with the elementary composition C13H14O7 were observed only in MHB after 6 h as well as 20 h incubation. All metabolites measured in this study are probably only a small part of a much larger group of metabolites, as shown in Fig. 11. This figure was supplemented with metabolites from the literature (not bold signed). Although, these metabolites were not observed in our study, they helped to complete some metabolic pathways. 


Table 2. LC/MS screening of cyanidin-3-O-glucoside and cyanidin-3-O-galactoside metabolites present outside or inside faecal bacteria after 6 or 20 h incubation.
	Elementary composition
	Retention time
[min]
	Measured m/z
	Conversion of cyanidin-3-O-glucoside and cyanidin-3-O-galactoside
to metabolite
(semiquantitative evaluation)
	Reaction of metabolite formation
	
Possible metabolite

	
	
	
	MHB
	Bacteria
	
	

	
	
	
	6 h
	20 h
	6 h
	20 h
	
	

	C13H14O7
	1.02
	281.0661
	+
	+
	-
	-
	decomposition
	M3

	
C13H14O7
	
1.16
	
281.0661
	
+
	
+
	
-
	
-
	
decomposition
	
M4

	
C7H6O4
	
1.20
	
153.0193
	
++
	
++
	
+
	
-
	
decomposition
	
3,4-dihydroxybenzoic acid

	C15H12O6
	1.31
	287.0556
	-
	+
	-
	+
	deglycosylation, hydrogenation
	
3,5,7-trihydroxy-2-(3,4-dihydroxyphenyl)-2H-chromene

	C7H6O4
	1.36
	153.0193
	-
	+
	-
	-
	decomposition
	
2,4,5-trihydroxy-benzaldehyde

	C15H10O4
	2.81
	253.0501
	+
	+
	+
	+
	deglycosylation, dehydroxylation
	
5-hydroxy-2-phenyl-2H-chromen-3,7-dione

	C15H10O5
	5.21
	269.0450
	+
	+
	-
	-
	deglycosylation, dehydroxylation
	
5-hydroxy-2-(4-hydroxyphenyl)-2H-chromen-3,7-dione


M3 and M4 represent unknown metabolites. Signs show the conversion of cyanidin-3-O-glucoside or cyanidin-3-O-galactoside to metabolite in the sample: -, 0 %; +, 1 – 9 %; ++, 10 - 19 %. 
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Fig. 8. Representative LC chromatograms of control sample with cyanidin-3-O-glucoside (A) and its experimental samples incubated 6 h (B) and 20 h (C). Representative LC chromatograms of control sample with cyanidin-3-O-glalactoside (D) and its experimental samples incubated 6 h (E) and 20 h (F). Figure above represents MS spectrum of signal detected in 1.20 min (H) and in 1.36 min in experimental samples. The m/z marked in a circle in mass spectrum corresponds with [M-H]- of 3,4-dihydroxybenzoic acid and 2,4,5-trihydroxybenzaldehyde (structures are shown). 
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Fig. 9. Suggested mechanism of cyanidin glycosides metabolism by human faecal bacteria. White square represents environment of MHB, dark grey shows a place inside bacterial cell, and light gray intersection of circle and square represents a place outside as well as inside of bacteria.


Metabolism of metabolites of cyanidin glycosides by Caco-2 cells
Our other aim was to find out if metabolites measured in this study can enter into intestinal cells and can be further metabolized, similarly as in quercetin metabolite. Our study show that 3,4-dihydroxybenzoic acid was further O-methylated in Caco-2 cell lines and its formation was observed after 6 h as well as after 20 h incubation in broth, not inside Caco-2 cells. Indeed, a decrease in the concentration of 3,4-dihydroxybenzoic acid after 6 h (-5 %) as well as after 20 h (-25 %) was observed (Fig. 10A). Metabolite 2,4,5-trihydroxybenzaldehyde was also further metabolized in these cells and its metabolites were detected after 6 as well as 20 hours in the broth. Metabolic reactions were included glucuronidation or methylation. But the parent compound was not detected neither after 6 h nor 20 h incubation in all samples (also in control sample with parent compound). 2,4,5-trihydroxybenzaldehyde is not obviously stable compound; however, metabolites measured in broth from Caco-2 cell lines were observed only in experimental samples, not in control samples. Thus, metabolites were formed by intestinal enzymes. Third compound used in Caco-2 cells experiment was 2,4,6-trihydroxybenzaldehyde. This metabolite was not observed in experiment with cyanidin glycosides but it is known as metabolite of anthocyanins. That is why it was used for Caco-2 cells experiment. Our results show that 2,4,6-trihydroxybenzaldehyde was glucoronated and their glucuronides were determined after 6h (-22 % of parent compound) as well as 20 h (‑88 % of parent compound) in broth (Fig. 10B). Their presence was also observed after 6 h in or on Caco‑2 cell lines. Parent compound was detected in/on Caco-2 cells as well. All metabolites have been drawn into suggested pathways of cyanidin glycosides metabolism in Fig. 11.
	A
	B

	
	


Fig. 10. Metabolism of 3,4-dihydroxybenzoic acid (A) and 2,4,6-trihydroxybenzaldehyde (B) by Caco-2 cells during 6 h and 20 h incubation and their decomposition. 
In samples with 3,4‑dihydroxybenzoic acid, a toxic effect on the Caco-2 cells was observed after 20 h incubation. The toxic effect could be caused by O-methylated metabolite that was formed during 6 h but more during 20 h incubation. More pronounced effect on the Caco-2 cells was observed in 2,4,6‑trihydroxybenzaldehyde. It is already known that 2,4,6‑trihydroxybenzaldehyde inhibits cell proliferation of Caco-2 cells [69] and this effect was also observed in our experiment after 6 h as well as 20 h. Despite the toxic effect of 2,4,6-trihydroxybenzaldehyde on Caco-2 cells, glucuronides of parent compound was observed after 6 as well as 20 h incubation. Parent compound alone was moreover decomposed by experimental conditions. Thus this compound is not very stable. Similarly, 2,4,5‑trihydroxybenzaldehyde is not also stable because it was not detected after 6 h anymore. Its effect on the Caco-2 cells was also toxic but only after 6 h. During the next 14 h, Caco-2 cells looked good again. This effect was probably due to a degradation of parent compound which means its toxic effect on cells thus disappeared. All detected metabolites were not present in control samples and their formation was caused by enzymes of Caco-2 cells.
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Fig. 11. Suggested mechanism of cyanidin glycosides metabolism by human faecal bacteria (in a part of the intestinal lumen) and by Caco-2 cells. The mechanism is in according the literature [49, 65, 70, 71], bold molecule structures were detected in our study. Acetyl-Co, acetyl coenzyme A; Gluc, glucuronic acid; PCA, protocatechuic acid (3,4-dihydroxybenzoic acid); TCA, tricarboxylic acid cycle. 

Metabolism of delphinidin-3-O-galactoside by human faecal bacteria
Despite the similarity of delphinidin-3-O-galactoside and cyanidin3-O-galactoside (in the glycone), delphinidin-3-O-galactoside was less metabolized in our experiments. The main metabolism took place on the aglycone. A content of parent compound was partly transformed into 2,4,6‑trihydroxybenzaldehyde (identified with the use of commercial standard, Fig. 12) by an action of bacterial enzymes but the remaining delphinidin-3-O-galactoside content was spontaneously degraded to gallic acid and other unknown metabolites. Delphinidin-3-O-galactoside as a parent compound has not been detected inside or outside bacteria. Even it was not present in control sample (broth with the parent compound).
Metabolite 2,4,6‑trihydroxybenzaldehyde formed by faecal bacteria was measured only in MHB after 6 h incubation. In the case of cyanidin glycosides, 2,4,6‑trihydroxybenzaldehyde (also measured outside bacteria) was formed spontaneously. But in the case of delphinidin-3-O-galactoside, the metabolite was not present in all control samples and thus this was created by bacteria. It seems to be a small change in molecule structure (one hydroxyl group more) can change the whole metabolic pathway.

Metabolism of metabolites of delphinidin-3-O-galactoside by Caco-2 cells
The metabolism of 2,4,6-trihydroxybenzaldehyde, as a metabolite of delphinidin-3-O-galactoside, by Caco-2 cells was studied. The results have been already shown and described in the section of Metabolism of metabolites of cyanidin glycosides by Caco-2 cells.
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Fig. 12. Representative LC chromatograms of control sample with delphinidin-3-O-galactoside (A) and its experimental samples incubated 6 h (B) and 20 h (C). Figure above represents MS spectrum of standard 2,4,6-trihydroxybenzaldehyde (D) and signal detected in 1.83 min in experimental sample (E). The m/z marked in a circle in mass spectrum corresponds with [M-H]- of 2,4,6-trihydroxybenzaldehyde, its structure is shown.


Summary and conclusions
In conclusion, this work showed the possible pathways leading to the formation of metabolites from naturally occurring polyphenols and polyphenol glycosides by intestinal microflora and what is happening with these metabolites in the intestine. Main metabolic pathways were deglycosylation, hydrogenation, methylation, hydroxylation, and decomposition. Metabolites created from natural compounds in the intestine can further pass into intestinal barrier and can be metabolized in the intestinal cells. Metabolites formed by faecal bacteria were glucuronidated or methylated by intestinal enzymes. This metabolite profiling of natural compounds has helped to better understand their metabolism in the intestine in man.
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Metabolism of 3,4-dihydroxybenzoic acid
parent compound	control        6 h	6 h	control        20 h	20 h	100	94.935220082958693	95.636811921415415	73.956198424774911	O-methylated metabolite	control        6 h	6 h	control        20 h	20 h	0	5.0647799170413155	0	21.680613496640504	other metabolites of decompositon	control        6 h	6 h	control        20 h	20 h	0	0	4.3631880785845816	4.3631880785845816	Groups of samples after incubation

Representation of compounds in broth from Caco-2 cells [%]


Metabolism of 2,4,6-trihydroxybenzaldehyde
parent compound	control        6 h	6 h	control        20 h	20 h	100	78.091869760633188	30.231003899861612	3.7231193555888482	glucuronides	control        6 h	6 h	control        20 h	20 h	0	2.9	0	4	other metabolites of decompositon	control        6 h	6 h	control        20 h	20 h	0	19.008130239366849	69.768996100138381	92.27688064441115	Groups of samples after incubation

Representation of compounds in broth from Caco-2 cells [%]
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