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Abstract 

Background: Consumption of dietary anthocyanins has been associated with various 

health benefits. However, anthocyanins are known to be very poorly bioavailable, and 

this has led to the concept that there is an important interplay between anthocyanins and 

the human gut microbiota, where the gut microbiota are able to break down anthocyanins 

into various metabolites, and that anthocyanins and/or their metabolites may alter the 

composition of the gut microbiota.  However, these interactions are still not clear and 

much remains to be understood.  

Objectives: (i) Investigate the in-vitro metabolism of black rice and bilberry 

anthocyanins by the gut microbiota and (ii) explore the impact of anthocyanins on the 

structure and function of the gut microbiota.   

Approaches: Incubate black rice and bilberry anthocyanins over 24 h with human faecal 

samples using an in-vitro batch colon fermentation model and collect samples for 

quantifying anthocyanins and anthocyanin metabolites using HPLC-DAD and UPLC-

MS-MS. Assess the gut microbiota composition differences between anthocyanin treated 

and non-anthocyanin treated human colon model samples using whole-genome shotgun 

metagenomics. 

Results: It was shown that loss of anthocyanins was partly spontaneous and partly due to 

the gut microbiota. Anthocyanins were subject to high inter-individual variations in both 

spontaneous and gut microbiota-dependent degradation, and modest intra-individual 

variations. The gut microbiota metabolism (enzymatic) of anthocyanins generates various 

ring-fission metabolites, and various microbial metabolic pathways were determined such 

as [Cya3Glc → PCA → catechol], [Cya3Glc → PGA → PGCA→ phloroglucinol], and 

[Cya3Glc → dihydroferulic acid → dihydrocaffeic acid → 4-methylcatechol]. The 

production of the microbial anthocyanin metabolites such as catechol, dihydrocaffeic 

acid, dihydroferulic acid, and 4-methylcatechol were completely microbiota-dependent, 

providing strong evidence that the gut microbiota is important for the metabolism of 

anthocyanins.  In contrast, in the absence of live gut microbiota and in anaerobic 
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conditions, anthocyanins underwent classic pH-dependent transformation to give Cya 

hemiketal-Glc, Cya chalcone-Glc, Cya chalcone anionic-Glc and 

trihydroxyethenylbenzene-Glc (all colourless). But under aerobic conditions, there was a 

substantial increase in the number of anthocyanin breakdown products formed and these 

included PCA, PGA, coumarin-Glc, di- and tri-hydroxyphenyloxoacetic acid, and 

trihydroxyphenylacetic acid. Although there was a small increase of Bacteroidetes over 

Firmicutes at 6 and 12 h and small increase of Bacteroides vulgatus at 6 h, no significant 

changes were observed in the gut microbiota profile in response to anthocyanin 

treatments.  

Conclusions: Anthocyanins are rapidly and completely degraded in the human colon by 

a combination of spontaneous and microbiota-dependent processes generating a series of 

ring fission metabolites, but they did not significantly affect the structure and function of 

the microbiome. These data extend our understanding of the important role of the human 

gut microbiota on the bioavailability of consumed anthocyanins.  
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Chapter 1: General introduction 

1.1. Scope of the research in this thesis 

The consumption of anthocyanins, a subclass of polyphenols, in high quantities is 

associated with health benefits in humans. However, anthocyanins are very poorly 

bioavailable and there is evidence that anthocyanin-derived metabolites are the main 

forms found in the circulation. Therefore, it is hypothesised that the beneficial effects of 

anthocyanins are due to anthocyanin metabolites interacting with human cells. Currently, 

it is not known what processes lead to anthocyanin breakdown and to what extent the gut 

microbiota is involved. Thus, the research in this thesis focuses on the degradation of 

anthocyanins due to both the human gut microbiota activity and also as a result of 

spontaneous degradation. The interaction between anthocyanins and the human gut 

microbiota will also be investigated. Therefore, this general introduction will include 

sections focused on what is currently known about the spontaneous degradation of 

anthocyanins, the microbiota-dependent degradation of anthocyanins, the formation of 

the anthocyanin metabolites, and the effects of anthocyanin exposure on the structure and 

function of gut microbiota.  

1.2. Dietary (poly)phenols 

Chemically, the word (poly)phenols refer to compounds comprising at least two phenol 

units (Figure 1. 1) in their structures. However, in the field of food bioactives research, 

polyphenols refer to compounds containing one or more phenol units in their structures 

and even include compounds that contain no phenol moieties, for example, trans-

cinnamic acid. Polyphenols are the biggest group of natural products and are widely 

distributed in plant-based foods. There are two pathways for the biosynthesis of 

polyphenols by plants, the shikimic acid and the phenylpropanoid pathways 1,2. Currently, 

up to eight thousand phenolic compounds are chemically known, and half of these are 

categorized as flavonoids 3. Naturally, many polyphenols exist in glycoside form (where 

a sugar molecule is bound to polyphenol via a glycosidic bond) and/or acylated with other 

molecules at different positions of the polyphenol skeletons 3. 
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Figure 1. 1. Chemical structure of a phenol (hydroxybenzene). 

 

 

There are different ways to classify polyphenols. The easiest and most common 

classification is based on the chemical of the aglycone moiety where polyphenols are 

classified into two main groups, non-flavonoids, and flavonoids. Each group is divided 

further into subgroups (Figure 1. 2). The non-flavonoid groups chemically comprise at 

least one phenolic unit in their structures (Figure 1. 3). There are commonly six sub-

groups of non-flavonoid polyphenols, namely hydroxybenzoic acids (e.g., gallic acid), 

hydroxycinnamic acids (e.g., caffeic acid), coumarins (e.g., 7-hydroxycoumarin), tannins 

(e.g., gallotannin), lignans (e.g., secoisolariciresinol), and stilbenes (e.g., resveratrol) 

(Figure 1. 3). These compounds linked to several health benefits such as antioxidant, 

anti-microbial, anti-cancer, anti-diabetic, and hepatic- and cardio-protective activities 4. 

The main source of these non-flavonoid polyphenols is fruits and vegetables such as 

broccoli, carrot, tomatoes, curry leaves, aubergine, kale, brussel sprouts, spinach, and red 

beet 4. Whereas grapes and wine derivatives provide the highest sources of stilbenes 5. 
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Figure 1. 2. General classification of dietary (poly)phenols. 
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Figure 1. 3. Chemical structure of non-flavonoid (poly)phenols. 

  

 

  

Hydroxybenzoic acid 
- R1=H, R2=H (4-hydroxybenzoic acid) 
- R1=OH, R2=H (Protocatechuic acid) 

- R1=OH, R2=OH (Gallic acid) 

- R1=H, R2=OCH3 (Vannilic acid) 

 

Hydroxycinnamic acid 
- R1=H, R2=H (p-coumric acid) 
- R1=OH, R2=H (Caffeic acid) 

- R1=OCH3, R2=H (Ferulic acid) 

- R1=OCH3, R2= OCH3 (Sinapic acid) 

 

 

 
Coumarins 
7-hydroxycoumarin 

 

Stilbenes 
- R1=OH, R2=OH, R3=H (Pinosylvin) 

- R1=OH, R2=OH, R3=OH (Resveratrol) 
- R1=OCH3, R2=OCH3, R3=OH (Pterostilbene) 

 

 

 

Tannins 
- Gallotannin 

 

Lignans 
- Secoisolariciresinol 
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Flavonoids are another important class of polyphenols found in plants, and thus 

commonly consumed in human diets. Flavonoids are usually found naturally as flavonoid 

glycosides where the aglycone is attached to a glycone unit (sugar moiety) by a glycosidic 

bond 6. Foods with a high flavonoid content include parsley, onion, garlic, broccoli, 

berries (e.g., blueberries), black tea, green tea, bananas, soybean, all citrus fruits, red 

wine, and dark chocolate (with a cocoa content of 70% or greater) 6–8. Flavonoids are 

commonly divided into six main categories, namely flavonols (e.g., quercetin), flavones 

(e.g., apigenin), isoflavones (e.g., daidzein), flavanones (e.g., naringenin), flavan-3-ols 

(e.g., catechin), and anthocyanidins (i.e., cyanidin), where they are chemically similar in 

terms of their aglycone moiety with “C6–C3–C6” as a general structure in all flavonoid-

type compounds (Figure 1. 4). The two C6 units (A-ring and B-ring) are phenolic nature; 

however, the C-ring (the chromane ring) is a C3 unit. Anthocyanins differ from other 

flavonoids as the oxygen atom in the C-ring is positively charged (+). Several reports in 

the literature reported that flavonoids exert various beneficial effects such as antioxidants, 

anti-inflammatory, hypocholesterolaemia, and cardioprotective agents 9. 

The main focus of my project was anthocyanins; thus, this class will be described in more 

detail. 
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Figure 1. 4. Chemical structure of flavonoid (poly)phenols. 

 

 

 

 Flavones 
- R1=H, R2=H, R3=H (Chrysin) 

- R1=H, R2=OH, R3=H (Apigenin) 

- R1=H, R2=OH, R3=OH (Luteolin) 

 

  
Flavanols 
- R1=H (Catechin & Epicatechin) 
- R1=OH (Epigallocatechin) 

 

 Flavanones 
- R1=H, R2=OH (Naringenin) 

- R1=OH, R2=OH (Eriodictyol) 
- R1=OH, R2=OCH3 (Hesperetin) 

 

 

 

 Flavonoid backbone  

  
Flavonols 
- R1=H, R2=H (Kaempferol) 

- R1=OH, R2=H (Quercetin) 

- R1=OH, R2=OH (Myricetin) 

 Anthocyanidins 
- R1=H, R2=H (Pelargonidin) 

- R1=OH, R2=H (Cyanidin) 

- R1=OH, R2=OH (Delphinidin) 
 

 

 

 Isoflavones 
- R1=OH, R2=H, R3=H (Daidzein) 

- R1=OH, R2=OH, R3=H (Genistein) 
- R1=OH, R2=OH, R3=OCH3 (Glycitein) 
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1.3. Anthocyanins  

Anthocyanins are an important subclass of flavonoids that give the natural colour to many 

fruits, flowers, seeds and other parts of plants 10. The word anthocyanins originated from 

Greek words (anthos means flower; kianos means blue). Anthocyanins are responsible 

for many of the red-orange to blue-violet colours present in plant organs such as fruits, 

flowers, and leaves 11. Anthocyanins are harmless and dissolve in aqueous media, 

therefore they are commonly used as natural water-soluble colourants 12. 

1.3.1. Chemical structure of anthocyanins  

Structurally, anthocyanins are in the form of glycoside whereas anthocyanidins are known 

as aglycones. Anthocyanins are formed when an aglycone moiety (anthocyanidin) 

attaches to a sugar moiety. Anthocyanidins are derivatives of the flavylium form 

(2- phenylbenzopyrylium) where the C6-C3-C6 structure is the general backbone 

flavonoid 13. Therefore, anthocyanidins consist of three rings (A-, B- and C-rings) 

(Figure 1. 5). The A- and C rings are fused together while the C-ring is bonded to the B-

ring by a carbon-carbon bond 14,15. Anthocyanidins are grouped into 3-

hydroxyanthocyanidins, 3-deoxyanthocyanidins, and O-methylated anthocyanidins. 

Whilst anthocyanins are anthocyanidin glycosides which can also carry acylated groups. 

1.3.2. Types and distribution of anthocyanins  

Anthocyanidins are polyhydroxy and polymethoxy derivative compounds. Many 

different anthocyanidins have been identified 11 and their differences come from the 

number and position of the hydroxyl (OH) and/or methoxy (OCH3) groups, but only 6 are 

predominant in nature 16. The A- and C- rings of anthocyanidins are identical, therefore 

substitution differences on B-ring give different anthocyanidin-type compounds, namely 

pelargonidin (Pel), cyanidin (Cya), delphinidin (Del), peonidin (Peo), petunidin (Pet), and 

malvidin (Mal) (Figure 1. 5). Like other flavonoids, anthocyanidins mainly exist in a 

glycosidic form (anthocyanins) where a glycosylic bond is linked to a sugar molecule on 

a hydroxyl group of anthocyanidin at one or more at the 3, 5, 7-positions. The sugar 

moieties are most usually glucose (Glc), galactose (Gal), rhamnose (Rha), or arabinose 

(Ara) and may be present as mono-, di-, or trisaccharide forms 17,18. In addition, acylated 
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anthocyanins are also found naturally where phenolic compounds (e.g., p-coumaric acid 

and ferulic acid) are attached to one or more of the sugar moieties of anthocyanins 19,20. 

The aglycone moiety (anthocyanidin) is mainly responsible for the colour of 

anthocyanins. The chemical structures of A- and C-rings are identical in all 

anthocyanidins; therefore, the number of OH and/or OCH3 groups in the B-ring is 

responsible for the colour shift of anthocyanidins and anthocyanins. With the increase of 

attached OH groups, the visible colour of the molecule shifts from orange to violet and 

goes toward redness if more OCH3 groups are present 21,22. In addition, the presence of 

sugar moieties to anthocyanidins results in additional reddening of anthocyanins, whereas 

aliphatic or aromatic acyl moieties cause no colour change or a slight blue shift 23–25. 

Naturally, anthocyanins can form complex associations (co-pigmentation) with other 

compounds such as flavonoids, alkaloids, amino acids, organic acids, nucleotides, 

polysaccharides, metals or other anthocyanins 26. This phenomenon generates a change 

or an increase in the colour intensity by producing a hyperchromic effect and a 

bathochromic shift in the UV–Vis region 12.  

Nevertheless, non-methylated anthocyanidins are found in 80 % of pigmented leaves, 69 

% of pigmented fruits and 50 % of coloured flowers. Cya, Del, and Pel are the most 

distributed in nature, where 90% of the naturally occurring anthocyanins are based on 

only six structures (30% on Cya, 22% on Del, 18% on Pel and the rest 20% being the sum 

of Peo, Mal and Pet) 27. The glycosylated anthocyanidins with 3-monoglycosides, 3-

diglycosides, and 3,5-diglycosides are most commonly sugar-bound anthocyanidins. 

Moreover, the 3-monoglycoside derivative occurrence is 2.5 times higher than derivatives 

containing the other glycosides and cyanidin-3-O-glucoside (Cya3Glc) is the most 

abundant anthocyanin type found in nature 12. 
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Figure 1. 5. Basic structure and numbering system of anthocyanidins (Anthocyanin aglycones). 

The visible colour of the entire molecule shifts from orange to violet when attached hydroxyl groups 

increased. a Data adapted from a report published by Ananga 27. 

  

 

 

 
 

 

 

 

Anthocyanidin R
1
 R

2
 Colour a 

Pelargonidin (Pel) H H Orange 

Cyanidin (Cya) OH H Orange-red 

Peonidin (Peo) OCH3 H Blue-red 

Delphinidin (Del) OH OH Blue 

Petunidin (Pet) OH OCH3 Blue-violet 

Malvidin (Mal) OCH3 OCH3 Violet 
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1.4. Anthocyanin-rich foods and daily intake 

High consumption of anthocyanin-rich foods is associated with beneficial health effects 

in humans through the activation of long-term cellular adaptive physiological 

processes 28,29. Anthocyanins are mainly found in fresh berries, fruits, and some 

vegetables with coloured skin. Chokeberries, redberries, blueberries, elderberries, 

blackcurrant, blood orange, red grape and red wine are the most common and richest 

sources of anthocyanins among a long list of other human dietary sources 29. However, in 

processed foods (i.e., canned foods, bread, cereals, and baby foods) where anthocyanin-

rich raw materials were added, anthocyanins generally are not detected 30. The lack of 

detection of anthocyanins added to processed foods may be due to their low chemical 

stability and possible degradation during processing, in particular the thermal process 31.  

Anthocyanin levels vary considerably in different plants as well as in the same plant 

according to the cultivar, level of maturation, storage conditions, and environmental and 

agronomic factors 32,33. For example, the red colour of blood orange juice significantly 

reduces with increasing storage temperature 34,35. Additionally, within different plants, 

the average anthocyanin content ranges between 0.25-1500 mg/100 g fresh weight 

(FW) 29,30. For example, the anthocyanin content in chokeberry, blackcurrant, blueberry, 

red raspberry, red grape, and strawberry were 1480, 476, 386, 92, 26, and 21 mg/ 100 g 

FW. More data on the total anthocyanin contents and the predominant anthocyanin-type 

of various anthocyanin-rich fruits and vegetables are presented in Table 1. 1. 

Furthermore, the types of anthocyanins are considerably different among food sources. 

For example, black raspberry contains the highest levels of cyanidin-type anthocyanins 

(669 mg/ 100 g FW), while black currant contains the highest levels of delphinidin-type 

anthocyanins (333 mg/100g FW) 30. 

Dietary reference intakes do not currently exist for anthocyanins 11 and the average daily 

intake of anthocyanins has been shown to be considerably different among various 

racial/ethnic groups. Variations in daily intakes of anthocyanins depend on various factors 

such as the dietary habits of a population, their gender, season, and cultural practices. For 

example, the average daily intake of anthocyanins for men ranged from 19.8 mg 

(Netherlands) to 64.9 mg (Italy), whereas for women the average daily intake was 18.4 
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mg (Spain) to 44.1 mg (Italy). Higher consumption by Italians may result from their 

Mediterranean diet, which includes rich sources of anthocyanins such as berries, other 

red and blue-coloured fruits, and red wine and the availability of these foods 10. In 

addition, although they are estimated with a considerably higher average, the average 

daily consumption of anthocyanins has been estimated at 215 mg during the summer and 

180 mg during the winter in the United States 36. 

Recent studies suggest a daily intake of anthocyanins to be 82, 50, and 12.5 mg/day in 

Finland, China, and the United States, respectively 11,37. Some other reports estimated that 

the daily intake is somewhere between 3 to 215 mg/day, but these data may be 

underestimated daily intakes because they are estimated from questionnaires and dietary 

recalls, as anthocyanins are poorly represented in available food composition databases. 

Nevertheless, doses ranging from 400 to 500 mg of anthocyanins can easily be obtained 

from one serving (80 g) of berries and some juices such as blackberries (353 – 433 

mg/serving), blueberries (579 – 705 mg/ serving), black currants (533 mg/serving) and 

blood orange juice (500 mg/serving) 38. 
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Table 1. 1. Total anthocyanins content and predominant anthocyanins in common dietary sources. 

a Fresh weight (FW)  
b The content of anthocyanins presented as mg/100 mL 

Food 
Total anthocyanins content 

(mg/100 g) a 

Predominant 

anthocyanins 
Reference 

Purple corn 600-8200 Cyanidin-3-O-glucoside 39,40 

Cranberry 140 Peonidin-3-O-galactoside 30,41 

Elderberry 200-1816 
Cyanidin-3-O-sambubioside 

Cyanidin-3-O-glucoside 
30,42 

Chokeberry 410-1480 
Cyanidin-3-O-galactoside 

Cyanidin-3-O-arabinoside 
22,43,44 

Red grape 30-750 Malvidin-3-O-glucoside 45,46 

Black grapes 39.23 Malvidin-3-O-glucoside 29,47 

Apple 0.6 Cyanidin-3-O-galactoside 30,48 

Bilberry 300-698 

A mixture of anthocyanidins (cyanidin-, delphinidin-, peonidin-, 
petunidin- and malvidin) 3-O-monosaccharide (galactose, 

glucose, and arabinose) 

49,50 

Raspberry 20-687 Cyanidin-3-O-sophoroside 51–53 

Blueberry 25-495 
A mixture of anthocyanidins (cyanidin-, delphinidin-, peonidin-, 

petunidin- and malvidin) 3-O-monosaccharide (galactose, 

glucose, and arabinose) 

54–56 

Blackberry 82.5-325.9 Cyanidin-3-O-glucoside 51,57 

Plum 5-173 Cyanidin-3-O-rutinoside 58,59 

Strawberry 13-38 Pelargonidin-3-O-glucoside 51,60,61 

Eggplant 750 
Delphinidin-3-O-rutinoside, 

delphinidin-3-(p-coumaroylrutinoside)-5-glucoside 
22,62,63 

Cabbage 322 Cyanidin-3-O-diglucoside-5-O-glucoside 36,64 

Black rice 23-327 Cyanidin-3-O-glucoside 65–67 

Red wine 16.4-35 b Malvidin-3-O-glucoside 68,69 

Pomegranate (Juice) 44 b Cyanidin-3-O-glucoside, Cyanidin-3,5-O-diglucoside 70–73 

Pistachio nut 7.5 Cyanidin-3-O-galactoside 30,74 
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1.5. Chemical stability of anthocyanins 

Anthocyanins are chemically unstable compounds, and their stability is affected by a 

range of factors including temperature, pH, light, metal ions, enzymes, and oxygen 38, 

which may cause loss of colour as a result of chemical or spontaneous degradation. 

1.5.1. Effect of environmental factors on anthocyanin stability 

The degradation of anthocyanins occurs during preharvest and postharvest stages 33 due 

to different environmental factors affecting anthocyanin stability and leading to the loss 

of colour. In the preharvest stage, anthocyanin stability is affected by vacuolar pH, growth 

temperature, enzyme activity, formation of metal complexes, and the level of maturation 

75,76. However, although the main postharvest factors are the storage duration and the 

storage conditions, enzymatic and non-enzymatic factors play a part. For example, the 

red colour of blood orange juice was shown to be significantly reduced with increasing 

storage temperatures 34,35. Whereas the high storage temperature of strawberries increases 

the anthocyanin content 77. Regarding enzymatic factors, three main enzymes have been 

linked with anthocyanin degradation: namely polyphenol oxidases, β-glucosidases, and 

peroxidases 78. Generally enzyme activities are affected by a variety of factors such as 

temperature, pH, enzyme concentration, substrate concentration, and matrix 79. 

The majority of anthocyanins are stable at low pH, and spontaneous degradation occurs 

at higher pH. Therefore, the pH of the medium is an important factor influencing 

anthocyanin stability. At an acidic pH, anthocyanins appear in a form of flavylium cation 

(a highly stable form compared to other forms) which is water soluble and red-pigmented. 

As pH increases to neutral, colourless carbinol pseudobase and chalcone structures are 

formed; and then as pH becomes alkali, anionic quinonoidal structures are formed 80–83. 

Another factor affecting anthocyanin stability is temperature. As temperature increases, 

anthocyanin stability decreases 84. Although anthocyanins are sensitive to temperature, 

anthocyanidins are less stable than anthocyanins. Additionally, anthocyanins are light 

sensitive where fluorescent light stimulates the most degradation 85. In addition, 

anthocyanin stability is reduced when exposed to high levels of oxygen 84. Furthermore, 

at high concentrations, anthocyanins can interact with each other increasing their stability, 
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and it has been suggested that this may increase anthocyanin stability more than structural 

differences in the B-ring. Water content also adversely affects anthocyanin stability. 

These variables illustrate the delicate nature of anthocyanins 86. 

1.5.2. Effect of chemical structure on anthocyanin stability 

The sugar moiety considerably increases anthocyanin stability, therefore the majority of 

reports in the literature have been focused on the spontaneous degradation of 

anthocyanidins than on their respective anthocyanins 38,87. This was highlighted by 

Hanske and others who reported that Cya3Glc is more chemically stable than Cya 88. In 

addition, disaccharide anthocyanins are more stable than monosaccharide 

anthocyanins 89. Furthermore, the stability of the anthocyanin aglycone (anthocyanidin) 

is heavily influenced by the structure of the B-ring, with the presence of OH groups 

reducing stability, whilst the presence of OCH3 groups increasing the molecule stability. 

Therefore, Cy3glc (which has two OH groups on the B-ring), was reported with higher 

chemical stability than Del-type anthocyanins (three OH groups on B-ring) and Pet-type 

anthocyanins (two OH groups and one OCH3 group on B-ring) 90. 

1.5.3 Appearance of breakdown products of chemical degradation of 

anthocyanins 

Anthocyanins undergo chemical degradation due to various environmental factors. 

However, pH is the most common environmental factor which causes the spontaneous 

degradation of anthocyanins. Although anthocyanins show stability in acidic medium (pH 

1-3), they undergo structural rearrangement with increasing pH towards neutral pH. This 

rearrangement results in anthocyanins forming colourless chalcones and other 

intermediates 91. Nonetheless, small molecular weight compounds were reported as a 

result of chemical degradation of anthocyanins as well as anthocyanidins 38,87,92. The 

formation of those small molecular weight compounds is the respective phenolic acids 

and phenolic aldehydes formed from the A- and B-ring structure. Since the chemical 

structure of the A-ring is identical to all anthocyanidins, phloroglucinol aldehyde (PGA) 

has been reported as a chemical breakdown product of all anthocyanins and/or 

anthocyanidins (Figure 1. 6).  However, different phenolic acids were detected 

corresponding to the chemical structural variations of the B-ring within different 
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anthocyanidins. Therefore, 4-hydroxybenzoic acid, protocatechuic acid (PCA), gallic 

acid, vanillic acid, 3-O-metyhylgallic acid, and syringic acid were reported as breakdown 

products of Pel, Cy, Del, Peo, Pet, and Mal, respectively. However, there is conflicting 

evidence in the literature regarding the recovery of these breakdown products due to the 

spontaneous degradation of anthocyanins 38,87,88,90,91,93,94. 

 

 

Figure 1. 6. The spontaneous degradation of anthocyanins and formation of A-ring and B-ring 

breakdown products.  

Anthocyanidin 
Corresponding B-ring breakdown phenolics References 

Phenolic acid R1 R2  

Pelargonidin 
4-Hydroxybenzoic 

acid 
H H 87 

Cyanidin Protocatechuic acid OH H 38,87–89,91,95 

Delphinidin Gallic acid OH OH 87,93,94 

Peonidin Vanillic acid OCH3 H 89,91 

Petunidin 3-O-methygallic acid OH OCH3 96 

Malvidin Syringic acid OCH3 OCH3 89,91,96 
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1.6. Bioavailability and metabolism of anthocyanins 

The term bioavailability refers to the extent a bioactive substance or drug enters the 

systemic circulation and becomes completely available to reach any specific destination 

and reaches the site of action 97,98. However, compared to other flavonoids, the 

bioavailability of anthocyanins is very poor. For example, relative urinary excretion of 

the iso-flavone daidzin indicates that it is highly bioavailable (43% of dose) compared to 

that of anthocyanins (0.3% of dose) 9. Moreover, only a small fraction of ingested 

anthocyanins is absorbed by humans and a majority of studies have recorded a recovery 

of < 2 % 37,97,99,100. The maximal plasma concentration is attained within 0.5–2 h after the 

consumption of anthocyanins. In addition, the absorbed anthocyanins are cleared from 

the circulation rapidly. In animal studies, following the consumption of berries or grapes, 

the systemic bioavailability of anthocyanins is estimated to be 0.26–1.8 %. In human 

studies, maximum plasma levels of total anthocyanins are in the range of 1–100 nM 97. 

As such the biological health effects of anthocyanins are strongly associated with their 

absorption and metabolism in-vivo within the gut and also through phase II metabolism. 

Anthocyanins are rapidly absorbed and detected in the circulation after consumption of 

their parent forms as a result of absorption through the gastrointestinal tract, in particular 

from the small intestine 101,102. Prior and others reported that anthocyanins required 0.5 to 

2 h to reach their maximum concentration (Cmax) in plasma which is relatively faster than 

other flavonoids 14. Although there is little information about the absorption of 

anthocyanins in the oral cavity 37, the quick appearance of anthocyanins in the circulation 

after ingestion (approximately 30 min) suggested that anthocyanins may be able to cross 

the upper gastric intestinal tract and reach the circulation 41,103. These findings were 

supported in in-vivo and situ models (using mainly rat models) which reported that about 

20% of the total absorbed anthocyanins were absorbed from the stomach in their intact 

forms 104–106. This may be due to the acidic gastric juices increasing the stability of 

glycoside forms 57,104. In fact, the mechanism of anthocyanin gastric absorption remains 

unknown and there is controversial information on whether the stomach is only an 

absorption organ or a metabolizing organ 103. However, the vast majority of animal and 

human studies suggest that the intestine is the major site of anthocyanin absorption 107. 
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After passing through the stomach, anthocyanins arrive in the small and large intestines 

where more basic conditions are present. Talavera and others reported that the intact 

methylated and conjugated forms of anthocyanins imply lots of absorption in the small 

and large intestines 57. They also reported that anthocyanin absorption is associated with 

enhanced activity of several hydrolysis-releasing enzymes such as lactase-phlorizin 

hydrolase (LPH) in the brush border of the small intestine. In addition, it was reported 

that aglycones undergo phase II transformation in the enterocytes, producing sulfated, 

glucuronidated, and/or methylated forms through the respective action of 

sulfotransferases, uridine-5`-diphosphate glucuronosyltransferases and catechol-O-

methyltransferases 107. On the other hand, unabsorbed anthocyanins reached the colon 

where substantial structural modification occur including ring fusion and phase II 

metabolism which led to the production of many smaller molecules such as phenolic acids 

and their conjugates 108.  

Generally, the absorption of anthocyanins is dependent on their molecular structure. In 

human and rat studies, the glycosylated forms are poorly absorbed compared to the 

aglycone forms 109. This may be due to the higher molecular weight of the glycosylated 

forms which makes their absorption less efficient. Nevertheless, anthocyanins carrying 

the same sugar moiety were reported to be absorbed in the following order: pelargonidin 

> cyanidin > delphinidin > malvidin. This may be a result of the greater number of 

hydroxyl groups in delphinidin or the greater hydrophobic nature of malvidin. Similarly, 

anthocyanins with the same aglycone type were reported to be in the order: galactoside > 

glucoside > arabinoside. 

Comparing the amount of the intact anthocyanins absorbed and excreted in urine to the 

total ingested doses, anthocyanins appear to have low bioavailability with a recovery of 

< 1% of consumed doses of anthocyanins in the majority of studies 110. Manach and others 

reviewed 97 human interventions that investigated the kinetics and extent of polyphenol 

absorption 111. They found that the concentration of anthocyanins measured in plasma 

ranged from 10-50 nmol/L and the mean time to reach Cmax was 1.5 h for plasma after 

anthocyanin consumption. Additionally, the concentration of anthocyanins excreted in 

urine was 0.1 % of the intake and the mean time was 2.5 h. Others reported that the 

concentrations of anthocyanins were in the range of 1 – 100 nM in plasma and urine 
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following the consumption of berries and grapes 14. Furthermore, another study reported 

low concentrations of Cya3Glc (36.47 ng) in plasma, urine, and faeces after the 

consumption of 500 mg of 13C-labelled Cya3Glc 100. In Table 1. 2, a summary of the 

measured bioavailability of intact anthocyanins in humans is presented. 

Explaining the high bioactivity of anthocyanins despite their low recovery 

(bioavailability) was the most pressing issue. Therefore, few reports suggested that the 

bioavailability of anthocyanins has been underestimated 112. They claimed that the main 

methods used in the analysis were based on measuring anthocyanins in their coloured 

acidified forms (flavylium ions) and therefore, other colourless forms had not been 

quantified 112. However, this suggestion does not explain entirely the low recovery. Others 

suggested that the reason for the reported low bioavailability of anthocyanins is that 

anthocyanins are subject to extensive metabolism and biotransformation 103 where the gut 

microbiota most likely plays an essential role in this biotransformation 10. 

Anthocyanin metabolism has been reported to start in the oral cavity as a result of 

interaction with salivary proteins and digestive enzymes103. In saliva samples which were 

collected from healthy volunteers (who participated in a human intervention study with 

several derivatives of black raspberry), anthocyanins were detected including their 

hydrolysed forms (anthocyanidins), glucuronidated conjugates and low quantities of 

PCA. The formation of all these derivatives was reported to be a result of β-glycosidase 

activity derived from oral epithelial cells or as a result of oral microbiota 52. In fact, the 

degradation of anthocyanins into smaller molecules (such as phenolic acids) is the most 

likely event, and there are several reports supporting this notion. For example, Prior and 

Wu reported that 60–90 % of the anthocyanins disappeared from the gastrointestinal tract 

within 4 h after a meal; and just very low concentrations of intact compounds were 

observed, suggesting that anthocyanins were transformed into other forms 14. In addition, 

30 to 44% of blood orange anthocyanins were found as PCA in plasma supporting the 

notion that anthocyanins undergo extensive metabolism 113. This notion was confirmed 

after using isotopically labelled anthocyanins in two reports by Czank and De Ferrars who 

reported a substantial number and amount of breakdown products derived from 13C-

labelled anthocyanins and about 43% of the [13C] dose was recovered 99,100. 
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Table 1. 2. Pharmacokinetics of anthocyanins following oral consumption in human subjects* 

Source 
Period 

(h) 

Dose 

(mg) 

Urinary recovery  

(%) 

Cmax 

(nmol/L) 

tmax 

(h) 

t1/2 

(h) 
Reference 

Aronia berry 24 500 0.004 12 1.6 - 114 

Cranberry juice 4 94.47 0.79 4.64 1.3 - 115 

Strawberry 24 200 1 274 1.1 2.1 116 

Chokeberry 24 721 0·15 96·1 2·8 1·5 117 

Hibiscus extract 7 147 0·018 7·6 1·5 2·6 118 

Red grape juice 7 283 0·23 222·7 0·5 1·8 119 

Red wine 7 280 0·18 95·5 1·5 2·0 119 

Blackcurrant 7 145 0·04 – – 1·7 120 

Elderberry 7 147 0·37 – – 1·7 120 

Chokeberry 24 1300 0·048 592 – – 121 

Strawberries 24 77 1·9 – – – 122 

Blackcurrant 4 716 0·05 35·6 0·7 – 123 

Blueberry 4 1200 0·003 29·2 4·0 – 124 

Blackcurrant 7 1000 0·039 – – – 125 

Elderberry 24 720 0·08 97·4 – – 126 

Blueberry 6 690 0·004 – – – 126 

Elderberry – 500 0·05 – – – 127 

Blackcurrant 5 153 0·03 – – – 128 

Cmax, maximum concentration derived from serum or plasma data; tmax, time to reach maximum concentration derived from serum or plasma 
data; t1/2, half-life of elimination. The table is adapted from Kay (2006)in addition to some recent studies. 
*Values represent total anthocyanins and include anthocyanin metabolites when identified 
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1.7. Anthocyanins and human health  

Anthocyanins have been shown to protect against a myriad of human diseases. The free-

radical scavenging and antioxidant capacities of anthocyanins are the most commonly 

reported biological activities through which these bioactive compounds may be used as 

therapeutic intervention targets in humans 16. However, research suggests that other 

mechanisms of action are also responsible for delivering the beneficial health effects of 

these bioactive compounds 129–131. For example, anthocyanins may confer their effects by 

providing protection from DNA cleavage, or through altering estrogenic activity, enzyme 

inhibition, boosting the production of cytokines, anti-inflammatory activity, lipid 

peroxidation, decreasing capillary permeability and fragility, and membrane 

strengthening 132–134. In both in-vitro and in-vivo research trials, anthocyanins have 

demonstrated considerable ability to inhibit tumour formation 135. With regard to 

cardiovascular disease protection, anthocyanins are strongly linked to oxidative stress 

protection 136. Other reports suggest that anthocyanins can aid in the prevention of obesity 

and diabetes through the modification of insulin and glucose metabolism 129. 

Anthocyanins have also been reported to enhance memory, and prevent age-related 

decline in neural function 132.  

Despite the growing evidence for the beneficial health properties of dietary anthocyanins 

especially as cardioprotective agents, the mechanisms of action involved remain poorly 

defined due to a limited understanding of their bioavailability, metabolism, and 

elimination 37,99,100. This may be partly because many studies have ignored the role of the 

human gut microbiota in anthocyanin bioavailability and metabolism. Anthocyanins 

absorbed in the gastrointestinal tract, are mainly found in methylated, sulfated forms or 

as intact glycosides at extremely low levels in plasma and urine 10 – 2000 nM99. 

Therefore, intact anthocyanins most probably remain in the gastrointestinal tract and 

therefore, either spontaneously degrade and/or continue to enter the colon where the 

majority of gut microbiota are located and subject the anthocyanins to extensive 

metabolism to generate a wide range of potentially bioactive metabolites that are absorbed 

into circulation 89,97,99,137.  
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1.8. The role of gut microbiota in human health 

1.8.1. What is gut microbiota? 

The term “microbiota” is a recent but now commonly used term for an "ecological 

community of commensal, symbiotic and pathogenic microorganisms" 138 which exist in 

various parts/organs of multicellular organisms such as insects, animals, plants and 

humans. In addition, microbiota refers to all microorganisms such as bacteria, archaea, 

protists, fungi, and viruses. The human-associated microbiota is estimated to include at 

least 40,000 bacterial strains in 1800 genera which collectively harbour at least 46 million 

non-human genes139,140.  

The collective microorganism communities found in the human gastrointestinal tract are 

termed “the human gut microbiota” which constitutes a large proportion of the human 

microbiota138,141. The human gut microbiota represents a biomass of up to 2 kg in adult 

humans 139 and contributes to a wide range of physiological functions in the host including 

immune development, maturity and modulation, host energy metabolism, cell signalling, 

pathogenic bacteria colonization resistance, gut mucosal integrity, and regeneration 142. 

The human gut microbiome is taxonomically ordered into phylum, class, order, family, 

genus, and species (Figure 1. 7). The majority of microbes in the gut (the gut microbiota) 

come under the phyla Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, 

Verrucomicrobia, Cyanobacteria and Actinobacteria with Firmicutes and Bacteroidetes 

accounting for over 90% in most cases 143.  

 



 

Chapter One 

 

22 

 

 

Figure 1. 7. Taxonomical classification of gut microbiota compositions. 
The highest order from the pie chart radiates into the lower genus order. Light blue colour=phylum, brown colour=Class, yellow highlight=Order, blue highlight=Family, 

green highlight=genus. Due to the diversity of microbial species, species are not included in this figure but will be referred to wherever necessary in the text. 
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1.8.2. The relation between gut microbiota and human health 

The gastrointestinal tract is the primary site of interaction between the host immune 

system and both symbiotic and pathogenic microorganisms delivered with diets 144. 

Furthermore, the relation between gut microbiota and human health has increasingly been 

recognised. It is now well established that a normal gut microbiota considerably 

contributes to the overall health of the host 145. Although each individual’s gut microbiota 

is shaped in early life as its structure depends on some infant events/factors (i.e., birth 

gestational date, type of delivery, methods of milk feeding, and weaning period) and 

external factors such as antibiotic use. The gut microbiota in infants is dynamic but starts 

resembling the adult gut microbiota structure by the age of 3 years 143. Then, the structural 

variations in temporal and spatial gut microbiota occur all along the individual’s life span. 

These individuals and their healthy native gut microbiota remain relatively stable in 

adulthood but differ between individuals due to factors such as geographical location, 

exercise frequency, lifestyle, and cultural and dietary habits. Therefore, it is difficult to 

define an optimal gut microbiota composition since there are both intra- and inter-

individual variations. However, large microbial diversity is considered more beneficial to 

the host 146–148. Many studies have shown the human gut microbiota is not only critical 

for nutrient and energy absorption, digestion, vitamin synthesis, and metabolism but also 

essential for maintaining physiological homeostasis and thus can determine an 

individual’s general health 149,150. Therefore, the gut microbiota has been associated with 

immunologic 144, and hormonal and metabolic homeostasis 151,152. For example, microbial 

imbalance (dysbiosis) in the gut has been linked to several complex diseases such as 

anxiety, depression 153 and metabolic diseases such as obesity, cardiovascular diseases, 

non-alcoholic fatty liver disease and diabetes 141,151,154. Experimental data have 

demonstrated this by showing that high-fat diets, high red meat and low-fibre diets, are 

linked to increased relative abundances of undesirable microorganisms and thus increased 

production of undesired compounds/metabolites including the cardio-toxicant 

trimethylamine (TMAO) 155–157. Consequently, the modulation of the gut microbial 

population is a promising approach for potential health treatments or decreasing the risk 

of many chronic/metabolic diseases 149. These observations emphasise that the gut 

microbiome is a vital element in maintaining human well-being. Not only has the gut 
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microbiome been shown to be critical for the metabolism of essential dietary precursors 

and nutrients, but there is also now further evidence that the gut microbiota may be 

involved in the metabolism of food bioactive compounds such as polyphenols including 

anthocyanins 158–160. 

Initially, the Firmicutes/Bacteroidetes ratio was proposed to determine disease 

phenotype, with a high Firmicutes/Bacteroidetes ratio being indicative of diseases such 

as type II diabetes, obesity etc 161. However, further studies, have suggested that while 

this ratio, may indeed be important in classifying some disease phenotypes, alterations in 

other phyla may influence this ratio and that dysbiotic changes in other phyla are not 

necessarily reflected by Firmicutes/Bacteroidetes ratio 162. Further efforts have been made 

to characterise the gut microbiota composition of each individual based on clusters of 

bacterial communities termed enterotypes, which include; Enterotype I, predominantly 

consisting of the genus Bacteroides with a functional capacity to metabolise food 

components such as animal fat, carbohydrates and proteins found in the Western diet, 

enterotype II which is predominantly Prevotella with a functional capacity to metabolise 

simple sugars and carbohydrates mainly found in plant-rich diets consumed by non-

westernised agricultural communities and western communities on the Mediterranean 

diet (Agrian), and Enterotype III which is predominantly Ruminococcus but in infants, 

other genera including Enterobacteriaceae, and Bifidobacterium, as well as 

Proteobacteria, also exist. It is noteworthy that the concept of enterotypes has also 

become a subject of debate due to other studies demonstrating that there is no clear 

demarcation between groups, but gradients may exist. Additionally, it has been 

demonstrated that other genera than the original genera contributing to the enterotype 

group may predominate the enterotype clusters (as in the case of Methanobrevibacter in 

Enterotype III 163. Nevertheless, this calls for a better classification of disease phenotypes-

associated microbiota structures that will allow the modification of the gut microbiota 

towards a beneficial microbiome through therapeutic targets such as probiotics, 

prebiotics, and faecal microbiota transplantation. 

Such approaches are compromised by the fact that the precise composition of the gut 

microbiota is subject to the variations between individuals where a wide range of factors 
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can influence the microbial composition, including, but not limited to age, gender, 

antibiotic use, cultural habits, diet, disease and lifestyle 143.  

1.9. Interactions between anthocyanins and human gut microbiota  

Some anthocyanin metabolites have been identified post the consumption of 

anthocyanins, in particular phenolic acids and simple phenols which have been reported 

to have potential health benefits 100,110. These phenolics (metabolites) have been 

suggested to be produced by the human gut microbiota 99. Anthocyanins have also been 

suggested to change the composition and profile of the human gut microbiota 164–166. The 

changes in gut microbiota structure are closely related to several physiological effects, 

and the modulation of the gut microbiota has been considered a possible mechanism by 

which phenolic compounds may exert their effect. Evidence for microbial-dependent 

anthocyanin metabolism is much less extensive than that of many other flavonoids, with 

the metabolic consequence(s) of anthocyanins still a matter of much debate 167. This is 

owing to the fact that the gut microbiota has only started to be considered as a metabolic 

organ, hence contributing to the metabolism of polyphenols and, consequently, to their 

bioavailability and their biological effects 168. Therefore, it has been hypothesised that gut 

microbiota generally interacts with dietary polyphenols (including anthocyanins) in two 

ways (Figure 1. 8): (i) the human gut microbiota metabolise polyphenols into potential 

bioactive molecules and/or (ii) the polyphenols and/or their metabolites act as prebiotic 

agents to change the structure and function of the gut microbiota 168.  

There is evidence of high concentrations of anthocyanins being found in the distal 

intestine, cecum, and colon because the majority are not absorbed in the upper 

gastrointestinal tract. For example, 85% of blueberry anthocyanins were reported to reach 

the colon 169. Therefore, the colon is being considered an active site for metabolism rather 

than a simple excretion route and has recently been receiving much attention as a subject 

of further research 170. Therefore, colonic metabolism is important for the absorption and 

the biological activities of dietary polyphenols, not only due to the direct bioactivity of 

the polyphenol breakdown products but also because of their prebiotic activity in 

reshaping the structure and function of the gut microbiota 168,171,172.  However, the role of 

the gut microbiota in anthocyanin metabolism, the influence of anthocyanins on gut 
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microbial populations, and how this may affect overall health is not well understood and 

has only been investigated by a few studies as will be discussed in the next 

section137,160,168, and this relationship is shown in Figure 1. 8. 

 

 

 

Figure 1. 8. Bidirectional relationship between anthocyanins and the human gut microbiota. 
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1.9.1. Metabolism of anthocyanin by human gut microbiota  

A human intervention study showed that anthocyanin degradation products and derived 

metabolites are the bioavailable forms in circulation after anthocyanin consumption99. 

Therefore, the human gut microbiota was considered an active organ for the metabolism 

of anthocyanins.  

The majority of dietary anthocyanins are not absorbed in the upper gastrointestinal tract, 

therefore consumed anthocyanins can reach the human colon where the colonic gut 

microbiota can bio-transform anthocyanins into their metabolites 99. These anthocyanin 

metabolites are then absorbed and entered the circulatory system 168. To investigate the 

role of the gut microbiota metabolism, faecal samples were used as a source of gut 

microbiota, specifically the colonic microbiota. Therefore, early in-vitro studies on the 

metabolism of anthocyanins by the gut microbiota were conducted by incubating 

anthocyanins with faecal samples collected from animals such as pigs or rats. For 

example, two reports used the content of the larger intestine of slaughtered pigs and 

showed a decline in the incubated anthocyanins in the presence of pig faecal samples 

within a few hours (2 and 6 h, respectively) 89,96. Keppler and others investigated both 

mono- and di-saccharide anthocyanin compounds (i.e., Cya3Glc and cyanidin-3,5-O-

diglucosides (Cya3,5Glc)) 89. They observed that the addition of sugar moieties increased 

the stability of anthocyanins. A few other in-vitro studies have used human faecal samples 

to investigate the anthocyanin metabolism by the human faecal microbiota. For example, 

a study incubated 100 µM of Cya3Glc with filtered (to eliminate the bigger organic 

matter) human faecal samples 173. They reported that Cya3Glc fully disappeared at 2 h 

incubation in the presence of active human gut microbiota and PCA was identified as a 

B-ring metabolite of Cya3Glc, but a smaller decline was observed in the presence of 

inactive gut microbiota. Another report also investigated the metabolism of anthocyanins 

by the human faecal gut microbiota and 90% of the initial concentration (Cinitial) of 

incubated Cya3Glc disappeared after 2 h incubation 91. In another study, 100 µM of 

incubated Cya3Glc completely disappeared within 2 h and subsequently, the B-ring- PGA 

and A-ring-PCA appeared as degraded products 88. Although the incubations of the 

aforementioned studies were carried out using simple buffer solutions, few studies used 
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nutrient media such as Basal nutrient medium and Gifu anaerobic media to carry out the 

incubations 174,175.  

All investigations were set up with the initial pH at neutral (between 5.5-7.5). However, 

there were small variations in pH, for example, different used different pH such as 5.5, 

6.8, 7.2 and 7.3 91,173,175,176. To my knowledge, only one in-vitro study has used a model 

where the pH was controlled to remain in the range between 6.8 and 7.0 177. Although 

Hidalgo and others investigated the microbial metabolism of anthocyanins, the 

spontaneous degradation of anthocyanins was not investigated. In their report, however, 

they showed that in the presence of faecal microbiota, syringic acid and gallic acid were 

detected as B-ring products of Mal3Glc and Del3Glc, respectively. Furthermore, syringic 

acid and tyrosol were reported as the main microbial metabolites generated from a 

strawberry extract 174. 

Several epidemiological, clinical, and in-vitro studies have demonstrated the health 

benefits of consuming polyphenol-rich diets against cardiovascular disease, hormone-

dependent cancers and other metabolic diseases 178. However, there is large variability in 

outcome measures, very limited reproducibility between studies, and in some cases, a 

disparity between the results of clinical trials 179. Recently more evidence support that 

there are inter- and intra-individual variations in the metabolism of dietary bioactive 

compounds 180. As the majority of polyphenols are metabolised in the human gut, this 

may result in variable bioactive microbial metabolites in the small and large intestine 

consequently they may have a different impact on the host's health before or after 

absorption into the circulatory system. This variability might be due to individual 

differences in gut microbiota structure at phyla, genera as well as species levels181, 

resulting in variability in metabolic profiles in the circulation and consequently excreted 

metabolites (metabotypes). These metabolic differences are hypothesised to impact the 

effects of the metabolites or parent phenolic compounds on health 182. To my knowledge, 

nothing has been reported on inter- and intra-individual variations of anthocyanin 

metabolism by the human colonic microbiota although some studies have been conducted 

using other polyphenolic compounds. For example, a study suggested the putative 

existence of three metabotypes in the production of flavan-3-ol colonic metabolites 183. 

Three metabotypes were defined and characterized based on the appearance of 
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flavan- 3- ol microbial metabolites during the consumption of green tea and green coffee 

bean extracts over 8 weeks. The characterisation was based on the excretion of different 

amounts of trihydroxyphenyl-γ-valerolactones, dihydroxyphenyl-γ-valerolactones, and 

hydroxyphenylpropionic acids.  

Variability in gut microbial composition between individuals can lead to the selective 

production of specific metabolites. This has been demonstrated with equol, where 

metabolism by the colonic gut microbiota potentially determines the benefits associated 

with the consumption of the isoflavone daidzein 184. Moreover, the metabotype 

differences in the production and excretion of colonic microbial metabolites are not 

restricted to a single compound but might include a set of metabolites originating from 

the same parent compound. For example in the case of urolithins, ellagitannin-derived 

microbial metabolites, can be classified into three urolithin metabotypes according to the 

qualitative and quantitative proportions of different urolithins excreted after consumption 

of ellagic acid or ellagitannins 185; with Metabotype A only producing urolithin-A (Uro-

A), Metabotype B producing urolithin-B , isourolithin-A, and Uro-A and Metabotype O 

which produces none of the afore mentioned metabolites 186. Crucially, the benefits 

associated with rich sources of ellagitannins (i.e., pomegranate and walnuts) may be 

related to each specific metabotypes 187,188. 

1.9.2. The impact of anthocyanins on the structure of the human gut 

microbiota  

Phenolic compounds, including anthocyanins, are associated with a favourable change in 

the microbiota composition with the beneficial effects being reflected in changes in 

inflammatory markers, involving the down-regulation of the transcription factor NF-κB 

signalling pathway168,169. For example, black raspberry showed intestinal anti-

inflammatory effects and changes in microbiota community 189. Moreover, a review paper 

reported that consuming anthocyanins can increase the growth of beneficial gut bacteria 

and/or inhibit the growth of some bacterial species that are known to have negative 

implications for human health 190.  



 

Chapter One 

 

30 

 

Other reports have observed that anthocyanin metabolites appeared as a result of 

anthocyanin metabolism by the human gut microbiota. For example, PCA, caffeic acid, 

PGA, and ferulic acid have been reported as anthocyanin metabolites produced by human 

gut microbiota activity 175. Therefore, anthocyanins and their metabolites are considered 

as important molecules that may modulate the gut microbiota structure and function as 

observed with the modulation of beneficial gut microbiota, particularly an increase in 

Bifidobacterium strains 169. Additionally, anthocyanin degradation pathways involved 

have been shown to vary depending on the strains that are incubated with the 

anthocyanins 191. Anthocyanins have been shown to increase the relative abundances of 

specific microbial communities including Bifidobacterium spp 164. For example, an in-

vitro study with bacterial strains reported that black rice anthocyanins increased the 

growth of Bifidobacterium and Lactobacillus species 192. Furthermore, incubation of 

Mal3Glc with faecal microbiota enhanced total bacterial growth, including 

Bifidobacterium species and Lactobacillus species, whereas gallic acid, the microbial 

anthocyanin metabolite, reduced Clostridium histolyticum but had no effect on beneficial 

bacteria 177. In agreement with this, another study reported that the growth of C. 

histolyticum in human faeces was decreased when incubated with red wine extract 193. 

In regards to animal and human studies, there are relatively few studies that have 

investigated the effects of anthocyanin consumption on the gut microbiota structure. 

However, most of these studies have used plant anthocyanin extracts, not purified single 

compounds. For example, one mouse study reported that a black raspberry anthocyanin 

supplement increased the abundance of Eubacterium rectale, Faecalibacterum 

prausnitzii, and Lactobacillus whereas Desulfovibrio species and Enterococcus species 

were shown to be inhibited 194. Another mouse study reported that dietary 

supplementation with genetically modified apples (with high anthocyanin content) 

increased the relative abundance of Bifidobacterium species 195. Likewise, a human study 

reported that there was a significant increase in Bifidobacterium species after 6-week 

consumption of a blueberry drink 164. However, it should be noted that some studies have 

reported no effect of anthocyanin consumption on gut microbiota composition. For 

example, no effect of purple sweet potato anthocyanins was shown on the composition of 
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the microbiome 166. In addition, no increase was observed in Bifidobacterium or 

Lactobacillus species as reported by others 196. 

From the data in the literature, in both in-vitro and animal studies, anthocyanins are 

hypothesised to be associated with flourishes in Bifidobacterium and Lactobacillus 

species. Many of these species were shown to have β-glucosidase activity and thus can 

catabolise polyphenolic compounds and enrich the bacterial medium with glucose. 

Moreover, these bacterial species are reported with an antimicrobial effect against 

pathogenic organisms by producing short-chain fatty acids as well as via competing for 

substrates and adhesion sites needed for microbial growth 197. 

although the evidence of changing gut microbiota structure by anthocyanin consumption 

is still little, the evidence of anthocyanin catabolism by gut microbiota was shown to be 

critical in the appearance of anthocyanin metabolites. For example, in literature as well 

as in chapter 6, various metabolites (i.e., PCA, PGA, catechol, PGCA, 

dihydroferulic acid, and dihydrocaffeic acid) were shown in the presence of live faecal 

microbiota from black rice anthocyanins. However, as far as literature searches have 

shown, no current reports have focused on the impact of anthocyanin metabolites on the 

structure and function of gut microbiota, opening a major area for future research.  
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1.10. Aims and objectives of the research 

The principle aims of the thesis were to investigate the role of the human gut microbiota 

in the metabolism of anthocyanins and to investigate the impact of anthocyanins on the 

structure and function of the human gut microbiota. The following objectives were 

addressed. 

I. To produce an in-house solvent extraction method for purifying 

anthocyanins from suitable food sources to generate the quantities required 

for subsequent anthocyanin metabolism experiments (Chapter 3) 

II. Investigate the loss of anthocyanins over time in the presence of human 

faecal microbiota and the within and between donor variations (Chapter 4). 

III. Determine the relative contribution of spontaneous degradation and 

microbiota-dependent degradation of anthocyanins and anthocyanidins in 

the colon (Chapter 4). 

IV. Identify the products of spontaneous degradation of anthocyanins and the 

influence of environmental variables (Chapter 5).  

V. Identify the products of microbiota-dependent degradation of anthocyanins 

and the metabolic pathways (Chapter 6).  

VI. Investigate the impact of anthocyanins on the structure and function of the 

human gut microbiota using metagenomics and bioinformatic analyses 

(Chapter 7). 
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Chapter 2: Materials and methods 

2.1. Extraction and quantification of anthocyanins  

All water used was 18 MΩ/cm Milli-Q water, and solvents were of high-performance 

liquid chromatography (HPLC) grade. All authentic anthocyanins standards were 

purchased from Extrasynthese (Genay, France). Other chemicals and reagents were 

purchased from Sigma unless otherwise stated within the text. 

2.1.1. Preparing plant materials for anthocyanin extraction using green 

solvents  

Black rice grains were purchased from the Belazu Ingredient Company (UK) and were 

ground using a coffee blender (Figure 2. 1A) and then stored in the dry and dark at 

ambient temperature. The freeze-dried bilberry powder (Figure 2. 1B) was purchased 

from Biokia® (Finland) and stored in the dry and dark at ambient temperature.  

 

Figure 2. 1. Raw plant materials of black rice and bilberry. 

Figure A is black rice powder whereas figure B is bilberry powder 

 

 

2.1.2. Batch extraction procedure for glycerol/water solvent composition 

assays 

1 g of plant powder was mixed with 50 mL of varying concentrations of aqueous glycerol 

(10 – 90% w/v) in a stoppered glass bottle (Figure 2. 2). All glycerol solutions were 

mixtures with water and from here on will just be referred to in terms of the percent 

glycerol. The ground powder was subjected to extraction under stirring at 600 rpm with 
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a Teflon-coated magnetic stirrer, for 180 min, at room temperature (23 ± 1 °C). At 180 

min, 1 mL samples were collected and centrifuged at 10,000×g for 10 min. The clear 

supernatant was used for further analysis. 

 

 

 

Figure 2. 2. Borosilicate stoppered glass bottles containing glycerol/water solvents and anthocyanin-

rich powders. 

 

2.1.3. Batch extraction procedure using 80% glycerol solvent for liquid-

to-solid ratio (RL/S) assays  

A range of plant powder masses (0.5, 0.625, 0.833, 1.25, and 2.5 g) was weighed out and 

separately mixed with 50 mL of 80% glycerol in a screw top glass bottle (Figure 2. 2). 

The plant powders were subjected to extraction under stirring at 600 rpm, with a Teflon-

coated magnetic stirrer, for 180 min, at room temperature (23±1 °C). Samples were 

collected at 180 min, then centrifuged at 10,000×g for 10 min. The clear supernatants 

were used for further analysis. 

2.1.4. Batch extraction procedure using green solvent for the effect of 

temperature assays 

0.833 g of each of the plant powders was mixed with 50 mL (RL/S =60) of 80% w/v 

glycerol in stoppered glass bottles.  The plant powder was subjected to extraction under 

stirring at 600 rpm, with a Teflon-coated magnetic stirrer, for 180 min, at different 

temperatures (50, 60, 70, and 80°C) using an oil bath (Figure 2. 3). Samples were taken 

for analysis at 5, 10, 15, 20, 30, 60, 120 and 180 min. Samples were centrifuged at 

10,000×g for 10 min and the clear supernatant was used for further analysis. 
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Figure 2. 3. Oil bath used for the extraction of anthocyanin-rich powders at various temperatures. 

 

 

2.1.5. Determination of total polyphenol yield in aqueous glycerol 

extracts  

In a 1.5-mL Eppendorf tube, 20 µL of the sample was diluted with 780 µL of Milli-Q 

water, and 50 µL of the reagent (Folin-Ciocalteu) was added and vortexed. After exactly 

1 min, 150 µL of a freshly-prepared aqueous sodium carbonate 20% w/v was added. Then 

the mixture was vortexed and allowed to stand at room temperature in the dark, for 60 

min. The absorbance was read at 750 nm (λ750) and the total polyphenol concentration 

was calculated from a calibration curve, using gallic acid as a standard. The content of 

total polyphenols was determined as mg gallic acid equivalents (GAE) per 100 g of dry 

weight (dw). The measurements were carried out using a 96-well microplate where 300 

µl of aliquots were spiked and the absorbance was carried out on a UV-vis plate reader 

(Molecular Devices, LLC VersaMax, California, United States). The blank sample was 

prepared from Milli-Q water. 

For a standard curve, a fresh 1 mg/mL gallic acid standard was prepared in methanol. A 

series of gallic acid concentrations (0, 10, 50,100, and 200 µg/mL) were prepared in Milli-

Q water. The standards were analysed in the same way as the samples described above. 
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2.1.6. Determination of total pigment yield in aqueous glycerol extracts  

An aliquot of 100 µL of the sample was mixed with 900 µL of 0.25 M HCl solution 

(prepared in ethanol) and the mixture was left to equilibrate for 10 min. The absorbance 

at λ (520 nm) was obtained with 0.25 M HCl in ethanol as blank and the total pigment yield 

was determined as cyanidin-3-glucoside equivalents (C3GE).   In a 96-well micro plate, 

300 ul of aliquots were spiked and the absorbance was carried out on a UV-visible plate 

reader (Molecular Devices, LLC VersaMax, California, United States).                      

In external standard curve preparation, a stock solution of 2 mg/mL cyanidin-3-glucoside 

was prepared in acidified methanol (1% aqueous HCl). Serial dilutions (0, 5, 10, 50, 100, 

200 µg/mL) were prepared in acidified ethanol (0.1% HCl) and serial dilutions treated in 

the same way as samples. 

2.1.7. Determination of total anthocyanins in aqueous glycerol extracts 

using HPLC–DAD  

To measure the concentration of anthocyanins, the glycerol extracts were centrifuged at 

10,000×g for 10 min. 500 µL of the supernatants were diluted 3-fold with 4% aqueous 

formic acid. The final water percent was 75%. Samples were vortexed well before 

injection onto HPLC. 

HPLC Agilent 1100 series coupled with a diode array detector (DAD) was used. The 

method was performed using a reverse phase column and with gradient elution. 20 μL of 

the sample was injected onto a Kinetex XB-C18 column (100 × 4.6 mm; particle size 2.6 

μm) at 40°C using 5% aqueous formic acid (eluent A) and 5% formic acid in acetonitrile 

(eluent B). The gradient was 5% B with injection for 2 minutes, increased to 7% at 10 

min, 10% at 15 min, 13% at 16 min, 20% at 18 min, and then re-equilibrated to initial 

conditions over 6 min. anthocyanins were identified against authentic standards using RT 

and their m/z (M-H). Anthocyanins peaks were quantified using DAD at λ (520 nm). 

For standard curves, five authentic anthocyanins (Del3Glc, Cya3Glc, Peo3Glc, Pet3Glc, 

and Mal3Glc) were purchased from Extrasynthese (Genay, France). Stock solutions of 

1000 μg/mL for each authentic anthocyanin compound were prepared in 0.75 mL of 
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glycerol/water solvent (10%, 40% and 80% glycerol/water ratios were used). 0.75 ml of 

4% aqueous formic acid was added to the mixture to give a final anthocyanin 

concentration of 500 μg/mL. The mixture was vortexed well for 1 min and afterwards, 

the standard curve was plotted against various concentrations of working solutions 

ranging from 0 to 250 µg/mL (Table 2. 1). 

Table 2. 1. Preparation of standard curve for authentic anthocyanins 

W.S.a  

Prepared 

Anthocyanin 

(µg/mL) 

Volume added from higher 

concentration (µL) 

Glycerol/

water 

(µL) 

4%FA 

water (µL) 

1 250 500 (from S.S.) 0 500 

2 125 500 (from W.S. 1) 125 375 

3 62.5 500 (from W.S. 2) 125 375 

4 31.25 500 (from W.S. 3) 125 375 

5 15.625 500 (from W.S. 4) 125 375 

6 7.8125 500 (from W.S. 5) 125 375 

7 0.00 0 250 750 

 
a Working Solution 

 

2.1.8. Determination of anthocyanin content in acidified ethanol extracts 

using HPLC–DAD-MS  

The black rice and bilberry extract powders were prepared by dissolving in acidified water 

(4% FA). HPLC Agilent 1100 series coupled with diode array detector (DAD) and an 

Agilent single Quade mass spectrometer was used. The method was performed on a reverse 

phase column using gradient elution. 20 μL of sample was injected into Kinetex XB-C18 

column (100 × 4.6 mm; particle size 2.6 μm) at 40°C using 5% aqueous formic acid 

(eluent A) and 5% formic acid in acetonitrile (eluent B). The gradient was 5% B with 

injection for 2 minutes, increased to 7% at 10 min, 10% at 15 min, 13% at 16 min, 20% 

at 18 min, and then re-equilibrated to initial conditions over 6 min. Anthocyanin detection 

was achieved on DAD at λ520 nm. 

2.1.9. Statistical Analysis  

Unless otherwise stated, statistical analysis was performed in GraphPad Prism (version 

9.3 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com). 
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For dependent samples, one-way analysis of variance (ANOVA) with Dunnett’s Multiple 

Comparison Test was used to compare the means of the control and experimental samples 

and p < 0.05 was considered statistically significant. Values of p < 0.05 were considered 

significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <0.0001). 
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2.2. in-vitro colon model fermentation  

All water used was 18 MΩ/cm Milli-Q water, and solvents were of high-performance 

liquid chromatography (HPLC) grade. The anthocyanin-rich extract powders prepared 

from black rice and bilberry were purchased from the Beijing Gingko Group (BGG), 

China. Cyanidin-3-O-glucoside (Kuromanin chloride), delphinidin-3-O-glucoside 

(Myrtillin chloride), Peonidin-3-O-glucoside (Peonidin-3-glucoside chloride), Malvidin-

3-O-glucoside (Oenin chloride), Petunidin-3-O-glucoside (Petunidin-3-O-glucoside 

chloride) and pelargonidin-3-O-glucoside (Callistephin chloride) were purchased from 

Extrasynthese (Genay, France).  

Other chemicals and reagents were purchased from Sigma unless otherwise stated within 

the text.  

2.2.1. Donor recruitment for in-vitro colonic fermentation experiments 

Stool samples used in the in-vitro colon model experiments were collected from 

participants recruited onto the Quadram Institute Bioscience (QIB) Colon Model study. 

Demographic information was collected, and recruited participants, from both gender 

who aged between 25 and 54 years older, who live or work within 10 miles of the Norwich 

Research Park. The participants who were declared to be in good health and had not 

ingested antibiotics for at least 4 weeks before giving faecal sample were eligible to 

participate onto the study. In addition, participants were required to have a normal bowel 

habit which meant regular defecation between three times a day and three times a week, 

with an average faecal type of 3–5 on the Bristol Stool Chart. Moreover, participants who 

declared no diagnosed chronic gastrointestinal health problems, such as irritable bowel 

syndrome, inflammatory bowel disease, or coeliac disease were eligible to enrol onto the 

study. Participants were also asked additional questions immediately prior to donating a 

stool sample to confirm that they had not experienced a gastrointestinal complaint, such 

as vomiting or diarrhoea, within the last 72 h, were not tested positive COVID-19 using 

lateral flow test, were not currently pregnant or breast-feeding, had not recently had an 

operation requiring general anaesthetic, were not taking multivitamin supplements. The 

study was approved by the Quadram Institute Bioscience (formally Institute of Food 

Research) Human Research Governance committee (IFR01/2015), and London - 
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Westminster Research Ethics Committee (15/LO/2169). The informed consent of all 

participating subjects was obtained, and the trial is registered at 

http://www.clinicaltrials.gov (NCT02653001).  

All faecal samples that were used in the studies reported in this thesis have a specific code 

such as “donor 01-S1”, where each donor is designated by a unique donor number (01) 

and the sample number (S1) indicates the distinct stool sample provided by a donor on a 

specific day. 

2.2.2. Preparation of fresh faecal slurries 

Fresh faecal samples were delivered by donors to the Quadram Clinical Research Facility 

and were collected immediately on the day of the experiment.  In the safety cabinet, a 

faecal slurry was prepared in a stomacher filter bag by diluting faecal sample 10 fold 

(1/10, w/v) with autoclaved 0.01 M phosphate-buffered saline (PBS) (which was placed 

overnight in the anaerobic cabinet prior to the day of experiment) and then homogenized 

in a stomacher (Seward Stomacher 400 Circulator) for 45 sec (230 rpm). The filter was 

separated from the stomacher bag and then discarded.  The remaining solution was used 

for inoculation of the in-vitro colon model. Later, for the preparation of 1 % faecal colon 

media, 10 mL faecal slurry (10 % faecal sample) was added to 90 mL of colon model 

media. 

2.2.3. Preparation of glycerol-frozen faecal stock with a final faecal 

concentration of 37.6 %  

Autoclaved 50 mM potassium phosphate buffer and glycerol solutions were kept in the 

anaerobic cabinet overnight before use. In the safety cabinet, 50 g of a fresh faecal sample 

was weighed into a stomacher filter bag, and then 50 mL of autoclaved phosphate buffer 

was added. The mixture was homogenised in the stomacher for 30-45 sec at 230 rpm. The 

filter was separated from the bag and then discarded. In the remaining mixture, 33 mL of 

autoclaved glycerol was added to achieve a final glycerol concentration of 25% (v/v) and 

a faecal concentration of 37.6 % in a total of 133 unit of slurry (w/v). Aliquots were 

prepared in 15 mL Falcon tubes and stored at -80°C until use. For reuse, the frozen 
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glycerol-faecal stock tubes were thawed by placing them in the anaerobic cabinet (37°C) 

for 1 h. 

2.2.4. Setting up the in-vitro batch colon model  

300 mL colon vessels (Figure 2. 4) were set up, sealed, and then autoclaved before the 

experiment. After autoclaving, the vessels were filled with 89 mL autoclaved colon model 

media which was prepared previously as described by Day-Walsh and others 157. Briefly, 

before autoclaving and in 1 L Milli-q water, the colon model media was prepared by 

adding 2 g each of peptone water, yeast extract and NaHCO3, 0.1 g NaCl, 0.04 g each of 

K2HPO4 and KH2PO4, 0.01 g each of MgSO4.7H2O and CaCl2.6H2O, 2 mL Tween, 10 

µL vitamin K, 0.5 g each of cysteine and bile salts, and 0.02 g hemin (after dissolving in 

few drops of 0.5 M NaOH). D-glucose was added after autoclaving by dissolving 10 g in 

a 30 mL autoclaved colon model and then reintroduced again into the colon media 

through a 0.45 µm syringe filter (Sartorius). After adding the autoclaved colon media into 

vessels, the media was gassed overnight with O2-free N2 to set up an anaerobic condition. 

Then pH probes were introduced into vessels and the pH was adjusted to between 6.6 to 

7.0 using acid (0.5 M HCl) and alkali (0.5 M NaOH). Before the addition of the faecal 

slurries, the temperature of the colon vessels was set at 37°C using a water bath (Figure 

2. 5).  

2.2.5.  Incubating anthocyanins with the faecal microbiota using in-vitro 

colon model fermentation 

All incubations were carried out by inoculating 1% w/v faecal sample in a total 

experiment volume of 100 mL. Therefore, for vessels containing live faecal microbiota, 

10 mL of fresh faecal slurry (or 2.6 mL from glycerol-frozen faecal stock) was inoculated 

into a 90 mL medium (89 mL colon media + 1 mL treatment). The 1 g of faecal sample 

used in each fermentation vessel is expected to contain an average of 0.92 × 1011 

microorganisms198. For vessels containing autoclaved faecal microbiota, 10 mL of fresh 

faecal slurry was autoclaved before adding to the vessels. For the treatments, 

anthocyanin-rich extract powder of black rice or bilberry was dissolved in 1 mL milli-Q 

water and immediately filtered through a 0.45 µm syringe filter, then added to the growth 

media (1% faecal sample). For control vessels, no anthocyanin extract powder was 
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introduced. Samples (0.5 mL) were collected at 0, 1, 2, 4, 6, 8, 10, 12, 20 and 24 h, mixed 

with 0.5 mL of 4% v/v aqueous formic acid. Samples were stored at -80°C until analysis. 

 

Figure 2. 4. Schematic of the colon model vessel.  

The vessel was set up with a total reaction volume of 100 mL and a gas container volume of 200mL. The 

top figure shows the vessel with all connected ports for supplying warm water, nitrogen, acid and alkali 

solutions, and injection and sampling ports. The bottom picture shows the real vessel in the laboratory. 
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Figure 2. 5. Schematic of the human in-vitro colon model. 
The model was set up with the colon model vessel, the pH unit, acid & alkali solutions, nitrogen supply, and water bath.  
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2.2.6. Preparation of colon model samples for chromatography and mass 

spectrometry analysis 

Colon model samples were thawed at room temperature for 1 h, vortexed, and then 

centrifuged at 17,000×g for 10 min. 250 µL of supernatant was transferred into HPLC 

vials (300 µL inserted amber glass).  

2.2.7. Determination of anthocyanins in colon model samples using 

HPLC–DAD 

To measure the rate of loss of the incubated anthocyanins from black rice and bilberry, 

HPLC Agilent 1100 series coupled with a diode array detector (DAD) was used. The 

method was performed on a reverse phase column using gradient elution. 20 μL of sample 

was injected into Kinetex XB-C18 column (100 × 4.6 mm; particle size 2.6 μm) at 40°C 

using 5% aqueous formic acid (eluent A) and 5% formic acid in acetonitrile (eluent B). 

The gradient was 5% B with injection for 2 minutes, increased to 7% at 10 min, 10% at 

15 min, 13% at 16 min, 20% at 18 min, and then re-equilibrated to initial conditions over 

6 min. Anthocyanin detection was achieved on DAD at λ520 nm. 

2.2.8. Determination of anthocyanin metabolites in the colon model 

sample using UPLC–MS/MS 

Multiple reaction monitoring (MRM) technique was used for the quantification of 

anthocyanin metabolites on UPLC-MS/MS. The 1 ul sample (concentration of 20 ug/ml) 

was injected into a Water HSS T3 (C18) (100 x 2.1 x 1.7 u) connected to an Agilent 1290 

UPLC equipped with a binary pump, degasser, cooled auto-sampler, DAD detector and 

column oven (Agilent Technologies, Waldbronn, Germany) and an Agilent 6490 mass 

spectrometer (Agilent Technologies, Waldbronn, Germany) and eluted at a flow rate of 

0.40 ml/min. The column temperature was maintained at 35°C. Elution was achieved 

using a gradient of increasing solvent B (containing 10 mM ammonium acetate in 

acetonitrile adjusted to pH=5.00 using acetic acid) from solvent A (10 mM ammonium 

acetate in water adjusted to pH= 5.00 using acetic acid). The gradient was 1% B at 

injection for 1 minute, increased to 5% at 3 min, 60% at 8 min, 99% at 8.5 min and then 

re-equilibrated to initial conditions over 3.5 min.  
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2.2.9. Observing the appearance of anthocyanin metabolites in the colon 

model samples using UPLC-TOF Analysis  

This is another detection technique and was used for observing the formation of 

anthocyanin metabolites. Samples were analysed using a Waters Synapt G2si time of 

flight (TOF) mass spectrometer coupled to a Waters Acquity UPLC. Chromatography 

was performed using a Waters HSS T3 100 x 2.1 mm, 1.7 μm separating column at 37°C 

and a binary gradient of solvent A (10 mM Ammonium acetate in Water) and B (10 mM 

Ammonium acetate in Acetonitrile, pH= 5) at a flow rate of 400 μL/min. The gradient 

was 1% B with injection for 1 minute, increased to 5% at 3 min, 60% at 8 min, 99% at 

8.5 min and then re-equilibrated to initial conditions over 3.5 min. Sample injections were 

2 μL. The TOF was operated in negative electrospray and full scan mode, 100-1200 amu 

with a 0.3 sec scan time. 

2.2.10. Statistical Analysis 

Unless otherwise stated, statistical analysis was performed in GraphPad Prism (version 

9.3 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com). 

One-way ANOVA with Tukey’s Multiple Comparison test was used to compare the 

concentration means of spontaneous and microbiota-dependent at specific timepoint and 

p < 0.05 was considered statistically significant. Values of p> 0.05 were considered 

significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 
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2.3. Spontaneous degradation of anthocyanins  

All water used was 18 MΩ/cm Milli-Q water, and solvents were of high-performance 

liquid chromatography (HPLC) grade. Cyanidin-3-O-glucoside (Kuromanin chloride), 

cyanidin (Cyanidin chloride), and delphinidin (Delphinidin chloride) were purchased 

from Extrasynthese (Genay, France). Other chemicals and reagents were purchased from 

Sigma unless otherwise stated.  

2.3.1. Incubating Cya3Glc in colon media and phosphate buffer solution  

On the day of the experiment, a fresh stock solution (SS) of Cya3Glc (2 mg/mL) was 

prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO.  

The anaerobic incubation of Cya3Glc  

A colon media (0.5 mM K phosphate, pH 7.0) was prepared and autoclaved then placed 

in the anaerobic cabinet overnight. Inside the anaerobic cabinet and in a 10 mL vial, a 

168.5 µL of SS was added to 4831.5 µL media to give a final volume of 5 mL with 

Cya3Glc concentration of 150 µM, then immediately the first sample at 0 h was collected 

into a 1 mL HPLC vial, capped, taken to HPLC analysis. Other samples were collected 

for injections at the times to determine the Cya3Glc concentration. External standard 

curves of serial concentrations of Cya3Glc were prepared in acidified colon model media 

(4% v/v formic acid).    

The aerobic incubation of Cya3Glc  

A phosphate buffer (10 mM K phosphate, pH 7.4) and colon media (0.5 mM K phosphate, 

pH 7.0) were prepared and autoclaved. On the day of the experiment, a fresh stock 

solution (SS) of Cya3Glc (2 mg/mL) was prepared by dissolving 2 mg of the authentic 

compound in 1 mL dimethyl sulfoxide (DMSO). In 1 mL HPLC vials and separate days, 

two experimental vials (n=2) were prepared for each medium by adding 168.5 µL of SS 

to 4831.5 µL medium) to give a final volume of 5 mL and a Cya3Glc concentration of 

150 µM, then immediately the experimental vials were put in LC-DAD autosampler for 

injections at the times to determine the Cya3Glc concentration. The external standard 

curve of serial concentrations of Cya3Glc was prepared in acidified phosphate buffer or 

colon media (4% v/v formic acid). 
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2.3.2. Incubating anthocyanidins (Cya and Del) aerobically in phosphate 

buffer solution  

On the day of the experiment, a fresh stock solution (SS) of Cya3Glc (2 mg/mL) was 

prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO.  

A phosphate buffer (10 mM K phosphate, pH 6.8) was prepared and autoclaved. On the 

day of the experiment, a fresh stock solution of Cya (1 mg/mL) was prepared by 

dissolving 1 mg of the authentic compound in 1 mL DMSO. In a 1mL HPLC vial, 100 

µL of SS was added to 900 µL phosphate buffered solution to give a final Cya 

concentration of 222 µM, then immediately the experimental vial was incubated in LC-

DAD autosampler at 37°C and then injections were carried out at the times to determine 

the Cya concentration. The external standard curve of serial concentrations of Cya was 

prepared in acidified phosphate buffer (4% v/v formic acid).  Each experiment was carried 

out once.  

2.3.3. Quantify Cya3Glc, Cya, and Del concentrations and their break 

down products using HPLC-DAD-MS  

The chromatographic separation was carried out on a reverse-phase HPLC column. 20µl 

of the sample was injected into Kinetex XB-C18 column (100× 4.6 mm; particle size 2.6 

μm) at 40°C using 1% aqueous formic acid (eluent A) and 1% formic acid in acetonitrile 

(eluent B) at a flow rate of 1 mL/min. The gradient started with 2% B at 0 min, increased 

to 10% B at 15 min, 15% at 20 min, 30% at 25 min, 50% at 27 min and then re-equilibrated 

to initial conditions over 2 min. The autosampler temperature was 37°C. The MS was set 

up on full scan mode and negative ionisation polarity.  

2.3.4. Monitoring the formation of the break down products of Cya3Glc, 

Cya, and Del using UPLC-TOF method  

This is another detection technique that was used for observing the formation of 

anthocyanin metabolites. Samples were analysed using a Waters Synapt G2si time of 

flight (TOF) mass spectrometer coupled to a Waters Acquity UPLC. Chromatography 

was performed using a Waters HSS T3 100 x 2.1 mm, 1.7 μm separating column at 37°C 

and a binary gradient of solvent A (10 mM ammonium acetate in water) and B (10 mM 
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ammonium acetate in acetonitrile, pH= 5) at a flow rate of 400 μL/min. The gradient was 

1% B with injection for 1 minute, increased to 5% at 3 min, 60% at 8 min, 99% at 8.5 

min and then re-equilibrated to initial conditions over 3.5 min. Sample injections were 2 

μL. The TOF was operated in negative electrospray and full scan mode, 100-1200 amu 

with a 0.3 sec scan time 

2.3.5. Statistical Analysis 

Unless otherwise stated, statistical analysis was performed in GraphPad Prism (version 

9.3 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com). 

Differences between controls (purified Cya3Glc standard spiked directly into acidified 

medium at t=0) and experimental conditions (aerobic and anaerobic spontaneous 

degradation of Cya3Glc in colon media or phosphate buffer) were carried out using one-

way analysis of variance (ANOVA) with Tukey’s Multiple Comparison Test and p < 0.05 

was considered statistically significant. Comparison between aerobic and anaerobic 

spontaneous degradation of Cya3Glc was analysed by unpaired t-test with two-tailed p-

value and p < 0.05 was considered statistically significant. Values of p > 0.05 were 

considered significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 
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2.4. Changes of the gut microbiota structure and function  

The black rice extract powder was purchased from the Beijing Gingko Group (BGG), 

China. FastDNA 2mL Spin Kit for Soil was purchased from MP Biomedicals (Germany). 

All water used was 18 MΩ/cm Milli-Q water, and solvents were of high-performance 

liquid chromatography (HPLC) grade. 

Other chemicals and reagents were purchased from Sigma unless otherwise stated.  

2.4.1. Study design for incubating anthocyanins with faecal gut 

microbiota using in-vitro colon model 

Batch fermentation in-vitro human colon model experiment was carried out as previously 

described in this chapter where section (2.2.3) for preparing 10% fresh faecal slurry, 

section (2.2.5) for setting up the batch colon model, and section (2.2.6) for incubating the 

anthocyanin-rich extract in the batch colon model. 

Briefly, 14 colon model vessels were prepared and filled with 89 mL autoclaved colon 

media the night before the experiment: 7 vessels for the treatment with black rice 

anthocyanins, 7 vessels as controls with no addition of black rice anthocyanins, and 2 

vessels used as contamination controls where only autoclaved colon media was added. 

On the day of treatment, a fresh human faecal sample was diluted 1/10 w/v with phosphate 

buffer and homogenised to generate the faecal slurries that were used as inocula. Then 10 

mL of faecal slurry was added to each vessel of treatment and control (except for 

contamination control vessels). In the treatment vessels, 1 mL of filtered black rice 

anthocyanins solution (18 mg/mL of black rice powder) was added. The final 

concentration of anthocyanins in a total volume of 100 mL was 133.3 µM. Samples (5 

mL) were collected at 0, 6, 12, and 24 h and immediately stored at -80°C until extracting 

the DNA. 

2.4.2. Extraction of DNA from colon model samples 

Sample preparation 

The frozen samples were thawed on ice, then vortexed (5 sec) and 2.5 mL of 1% w/v 

faecal sample were aliquoted in sterile 5 mL Eppendorf vials and centrifuged for 10 mins 
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at full speed (14,000 x g).  The supernatant was discarded carefully (decantation), and the 

sediment was kept. The pellet was resuspended again using molecular grade water (400 

µL for 0 h samples, 500 µL for 6 h samples and 600 µL for 12 and 24 h samples). 

Afterwards, 400 µL was transferred into Lysing Matrix E Tubes, then frozen at -80°C 

until DNA extraction.  

DNA extraction 

The DNA extraction was carried out as previously described by Kellingray and others 199 

using FastDNA™ SPIN Kit for Soil. Briefly, samples were thawed on ice and 980 µL 

sodium phosphate buffer and 120 µl MT buffer were added to the sample and then 

vortexed. Samples were placed in a refrigerator (+4°C) for ~ 1 h. Then, samples were 

lysed in a Fastprep machine for 60 s three times (speed: 6.5 m/s). Afterwards, Lysing 

Matrix E Tubes were centrifuged for 15 min at 14000 x g. The supernatant (650 µL x2) 

was transferred into a clean 2 ml Eppendorf tube, and then added 250 µl PPS reagent and 

mixed by shaking the tube by hand 10 times (invert). Samples were centrifuged for 10 

min at 14000 x g to precipitate the pellet. The supernatant (750 µL x2) was then 

transferred into a sterile 5 ml Eppendorf tube, and 1 ml of Binding Matrix Suspension 

was added to the supernatant. The tubes were inverted by hand for two minutes and were 

then left to stand in a rack for 3 min (to allow settling of silica matrix). Approximately 1 

mL of supernatant was removed and discarded, then the binding matrix was resuspended 

into the remaining supernatant. Approximately 700 (x2) µL of the mixture was transferred 

into a SPIN Filter tube and centrifuged for 2 min at 14,000 x g. The flow-through was 

decanted and 500 µl SEWS-M was added into the SPIN Filter tube and then centrifuged 

for 1 min at 14,000 x g. The flow-through was decanted again to perform SEWS-M wash 

altogether three times. the flow-through was decanted and centrifuged for 5 min at full 

speed (14,000 x g) to ‘dry’ the matrix of residual SEWS-M wash solution. Then the SPIN 

Filter was removed and placed into a fresh Catch Tube, then it was left in the SPIN Filter 

for 10 min to dry at room temperature. Afterwards, 65 µl DES (DNase/Pyrogen Free 

Water) was added and the matrix was gently stirred on the filter membrane using a pipette 

tip for efficient elution of the DNA. Air dry samples for a few min was carried out, then 

centrifuged for 2 min at full speed (14,000 x g) to elute DNA (or at 6,400 x g with open 

lids). The collected samples were stored at -20°C until preparation for sequencing. 
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2.4.3. Shotgun metagenomics sequencing for extracted DNA from colon 

model samples 

Samples concentrations were normalised to 5 ng/µL using molecular grade water and 15 

µL samples were pipetted into a 96-well plate. DNA samples were then quantified using 

Qubit broad range reagents according to manufacturer guidelines (Thermo-fisher, 

Cambridge, UK). Afterwards, NanoSeq (a DNA library preparation and sequencing 

protocol based on Duplex Sequencing) was run for all samples to create a library which 

was then pooled together into one tube. Metagenomics shotgun sequencing was 

performed by Novogene European Headquarters (Cambridge, UK), using Illumina 

NovaSeq, to generate 150bp paired-end libraries to a sequencing depth of ~30 million 

reads. Dr Perla Rey (Bioinformatician at QIB) checked, cleaned, and analysed the 

sequence data using in-house bioinformatic tools and performed taxonomic and 

functional profiling of the metagenomics dataset. 

2.4.4. Read processing for metagenomics sequencing data 

The host DNA contamination is expected in metagenomics datasets, and thus the first 

step in processing metagenomics sequencing data is to remove host sequences. A tool 

commonly used for the pre-processing of metagenomics dataset is KneadData v0.10.0 

(https://github.com/biobakery/kneaddata), which uses bowtie and bowtie indexes for the 

removal of host reads. In addition, KneadData is also used to remove adapter sequences, 

and perform quality control using Trimmomatic 200. Trimmomatic: A flexible trimmer for 

Illumina Sequence Data. Bioinformatics, btu170] and remove other contaminant 

sequences. The human (hg37) reference database (which includes the human genome and 

transcriptome) is based on the Decoy Genome (http://www.cureffi.org/2013/02/01/the-

decoy-genome/)). Other contaminant sequences were taken from Breitwieser and others 

201. Finally, bacterial rRNA reads from SILVA were also removed. KneadData was used 

with the option –run-trim-repetitive for shotgun sequences to trim overrepresented 

sequences. Only high-quality trimmed, and non-contaminant paired reads (in which both 

reads passed filtering) are used for downstream analyses. This work was performed by 

Dr Perla Rey, QIB.  

2.4.5. Microbial Community Profiling for metagenomics sequencing data 

https://github.com/biobakery/kneaddata
http://www.cureffi.org/2013/02/01/the-decoy-genome/)
http://www.cureffi.org/2013/02/01/the-decoy-genome/)
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High-quality and trimmed reads are used to estimate the microbial composition profiles 

using MetaPhlAn v3.0.2 202,203. MetaPhlAn identifies the microbes and their abundance 

from metagenomics reads by mapping them to the ChocoPhlAn database of unique clade-

specific marker genes. Clades are a group of organisms and clade-specific markers are 

coding sequences that are strongly conserved within the clade’s genomes and are 

sufficiently different to any sequence outside the clade. The marker genes in the 

ChocoPhlAn database were identified from over 17,000 reference genomes from bacteria, 

archaea, viruses and eukaryotes 203. An initial exploratory analysis is performed using a 

Multidimensional Scaling, MDS plot. An MDS plot is an ordination plot where points 

represent objects, in this case, samples, in which closer points are more alike than those 

further apart. The points on the plot are arranged so that the distances among each pair of 

points represent the dissimilarity between those two samples. This work was performed 

by Dr Perla Rey, QIB.  

2.4.6. Metabolic reconstruction and pathway analysis using HUMAnN3 

for metagenomics sequencing data 

The HMP (Human Microbiome Project) Unified Metabolic Analysis Network, 

HUMAnN, is a method for profiling the abundance of microbial metabolic pathways and 

other molecular functions from metagenomic sequencing data. It infers community 

function directly from short DNA reads 204. It uses KEGG Orthology to estimate 

abundance of each orthologous gene family in the community. Orthologous families are 

groups of genes that perform roughly the same biological roles. Pathways are sets of two 

or more genes with a similar function.  

For the analysis of the metagenomics dataset, the latest version of HUMAnN, HUMAnN3 

(v3.0.0.alpha.3) is used. The analysis starts with a search in different levels: first, a 

taxonomic search maps short reads to clade-specific marker genes to identify community 

species (using MetaPhlAn v3.0.2 and -the nucleotide database- ChocoPhlAn database 

v296_201901), second, mapping reads to community pangenomes of identified species 

(using bowtie v2.4.4), and finally, alignment of unclassified reads to a protein database 

(using DIAMOND v2.0.11). Mapping results are then used to estimate the per-species 

and community total gene family abundances which considers alignment quality, gene 
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length and coverage. Then, genes are mapped to metabolic reactions, and pathway 

quantification and coverage are estimated. A pathway is a set of two or more genes.  

The analysis with HUMAnN3 was done using nucleotide mapping and translated search 

to provide organism-specific gene and pathway abundance profiles from our high-quality 

shotgun metagenomic reads. Gene families are annotated using UniRef90 definitions 205, 

which is a protein database, it is the UniProt Reference Clusters that provide clustered 

sets of sequences. UniRef90 is built such as each cluster is composed of sequences that 

have at least 90% sequence identity and 80% overlap with the longest sequence of the 

cluster. Pathways are annotated using MetaCyc definitions 206–208. MetaCyc is a curated 

database of metabolic pathways from all domains of life. It contains 2,937 pathways from 

over 3,000 different organisms. Humann3 was used with the default options (minimum 

percentage of reads matching a species: 0.01, identity threshold for nucleotide 

alignments: 0.0), using uniref90 to annotate gene families. To be able to compare gene 

families and pathway abundances between samples with different sequencing depths, we 

used normalised values using “copies per million”, CPM, or sum-normalisation to relative 

abundance. Furthermore, using the gene family abundances, HUMAnN3 is used to 

reconstruct the abundance of enzyme commission (EC) categories in the microbiome 

using the function humann_regroup_table. This work was performed by Dr Perla Rey, 

QIB.  

2.4.7. Statistical associations with MaAsLin2 for metagenomics 

sequencing data 

MaAsLin2 is used to find associations between community total abundances with the 

effect of the treatment over time 209. Specifically, MaAsLin2 is used by selecting Linear 

Model (LM) method to test the association between Pathway relative abundances and the 

effect of anthocyanins in the microbiome. The same was done using EC category relative 

abundances. Relative abundances are normalised using TSS normalisation and AST 

transformation. The following formula is used for the Linear Model, where the relative 

abundance of the Pathway or EC category (expression) is determined by the interaction 

between treatment (control, anthocyanin) and TimePoint (0h, 6h, 12h). This work was 

performed by Dr Perla Rey, QIB.  
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Chapter 3: Preparing anthocyanin-rich 

extracts from black rice and bilberry 

using green extraction processes 

3.1. Abstract 

Background: Anthocyanins are present in plant tissues in very small concentrations. The 

conventional extraction techniques for anthocyanins usually involve the use of high 

amounts of organic solvents which are expensive and toxic, hence highly purified 

anthocyanins are very expensive to purchase. However, in the last few years, eco-friendly 

extraction approaches have been developed with a promising recovery of bioactive 

compounds from plant materials. Thus, there is considerable literature on eco-friendly 

“green” approaches for recovering plant bioactive compounds.  

Aim and approach: The overall aim of research presented in this chapter was to prepare 

anthocyanin-rich extracts using green solvents, and then use these anthocyanin-rich 

extracts for subsequent investigations into microbial metabolism of anthocyanins by the 

human gut microbiota. The focus of the research reported in this chapter was to carry out 

a step-by-step optimisation of an eco-friendly extraction methodology to recover 

anthocyanins from black rice grains and bilberry fruits. The specific steps were to (i) 

choose the optimum solvent mixture composed of glycerol and water with the highest 

anthocyanin recovery; (ii) investigate the optimum liquid-to-solid ratio (RL/S) for high 

extraction efficacy of anthocyanins; then (iii) examine the effect of temperature on the 

recovery of anthocyanins from the extraction mixtures.  

Results: The chemical composition of anthocyanins was determined in black rice and 

bilberry after their extraction using a conventional solvent. Cya3Glc was the predominant 

anthocyanin in black rice with 84.3% w/w of the total anthocyanins (179 mg 100 g- 1 dw). 

Whereas a mixture of fourteen anthocyanins which were predominantly delphinidin, 

cyanidin, petunidin, peonidin and malvidin derivatives were detected in bilberry fruits 

with a total concentration of 1775 mg 100 g-1 dw. The alternative solvent of 80% w/v 

glycerol/water showed better extraction efficiency for anthocyanins from black rice 
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(211 mg 100 g-1 dw) and bilberry (2635 mg 100 g-1 dw) compared to the conventional 

solvent. In addition, the liquid-to-solid ratio (RL/S) = 60 mL g- 1 was shown to be the 

optimum ratio for higher recovery of anthocyanins, providing corresponding anthocyanin 

concentration of 190 mg 100 g- 1 dw black rice powder and 2600 mg 100 g- 1 dw bilberry 

powder. Extraction temperature showed a significant effect on anthocyanin recoveries, 

and the extraction process at 80°C gave the highest anthocyanin recoveries for a shorter 

extraction time of 20 min for black rice (211 mg 100 g-1 dw) and 15 min for bilberry (3119 

mg 100 g-1 dw).  

Conclusion: Compared to the conventional solvent, the extraction efficiency of black rice 

and bilberry anthocyanins was higher when using 80% glycerol/water solvent. However, 

the recovered concentrations were relatively low and in larger volumes mainly consisting 

of glycerol. As such it was concluded that this would not be ideal for subsequent 

experiments investigating the gut microbial metabolism of anthocyanins. 

3.2. Introduction 

The extraction approaches for plant-derived phytochemicals are varied and they depend 

on different parameters such as time, the number of aqueous and organic solvent phases, 

impact on the environment, and type of extraction medium 210.  The extraction solvent 

used for polyphenols is mainly a mixture of both aqueous and organic solvents. 

Polyphenols including anthocyanins, are present in plant tissues in very small 

concentrations. Therefore, extraction processes of polyphenols using conventional 

techniques usually involve the use of high amounts of organic solvents 211. In these 

processes, petroleum-based solvents are used usually consisting of volatile organic 

components such as halogenated hydrocarbons (e.g., chloroform), aromatic hydrocarbons 

(e.g., hexane and toluene), alcohols (e.g., methanol), ethers (e.g., diethyl ether), and 

ketones (e.g., acetone). Many of these organic solvents are either toxic, highly flammable 

or detrimental to the environment 212.  In the last few years, eco-friendly “green 

extraction” approaches have been expanded endeavouring to increase the recovery of 

phytochemical yields, meanwhile being eco-friendly to the environment 213. The “green 

extraction” is usually defined as extraction processes which involve one or more of these 

factors: less time, less energy, and/or less harm to health and the environment. Thus, there 
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is considerable literature on extraction, separation, and purification of phytochemicals 

using eco-friendly approaches. Other alternative solvents have also been investigated 

including ionic liquid, superheated water, surface active agents, supercritical fluids, bio-

derived solvents, deep eutectic and natural deep eutectic solvents 210. For extraction of 

anthocyanins, the conventional medium used is acidified aqueous ethanol or methanol 

65,214. Due to their notoriously poor stability, the purification and separation of 

anthocyanins are usually carried out using columns rather than solvent evaporation 215. 

This technique is laborious and is associated with high consumption of organic solvents.  

In the literature, few reports have been published on the extraction of anthocyanins using 

eco-friendly solvents. However, the most commonly used solvents were supercritical 

fluids and deep eutectic solvents (usually a combination of a constituent termed as 

hydrogen bond donor and another one termed as hydrogen bond acceptor) 210. For 

example, a report showed a choline chloride-based deep eutectic solvent, containing 

oxalic acid with 25% water, was more effective for extracting the black-purple rice 

anthocyanins compared to an aqueous menthol solvent212. In addition, another report also 

obtained promising anthocyanin yield from blueberry by using natural deep eutectic 

solvents compared to conventional solvent (acidified aqueous methanol)216.  Another 

solvent alternative reported in the literature was glycerol/water medium. A mixture of 

90% w/v glycerol/water was the optimum medium for phenolic recoveries from two 

different species of Artemisia 217. Similarly, glycerol/water (90% w/v) showed to be the 

optimal solvent for extracting phenolic and pigment compounds from onion solid waste 

218. These findings showed that the mixture between glycerol and water has a high 

potential for extracting anthocyanins from their plant materials. In this context, a 

glycerol/water medium, as a cost-effective and green alternative solvent, was used to 

extract and prepare an anthocyanin-rich extract from two commercial materials of black 

rice and bilberries. 

3.3. Objectives 

The overall aim was to develop an extraction approach for preparing anthocyanin-rich 

extracts which will subsequently be used for the investigation of anthocyanin metabolism 

by the human gut microbiota. The approach was to use green solvents to recover 
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anthocyanins from black rice and bilberry raw materials. The specific objectives were to: 

(i) identify the anthocyanins and determine the anthocyanin composition of black rice and 

bilberry, (ii) investigate how different mixtures of glycerol and water affect the amount 

of anthocyanins extracted; (iv) determine the relationship between the liquid-to-solid ratio 

(RL/S) and the amounts of anthocyanins extracted; and (iv) determine the effect of 

temperature on the amounts of anthocyanins extracted and (v) determine the amounts 

extracted using a combination of the most effective conditions.  

3.4. Results 

 3.4.1. Identification of anthocyanin composition of black rice and 

bilberry powders 

The anthocyanin composition of black rice and bilberry has been reported 

previously55,219–222. However, it was necessary to determine the anthocyanin content and 

composition of the black rice and bilberry samples which were used to prepare 

anthocyanin-rich extracts. Raw plant materials of both black rice grains and bilberry fruits 

were purchased and then ground (Figure 2. 1) using a domestic coffee grinder. The 

extraction of anthocyanins was carried out using acidified aqueous ethanol (60% v/v) 

separately for each plant material. The determination of anthocyanin composition was 

accomplished using HPLC-DAD-MS (Chapter 2, section 2.1.8). 

The concentration of total anthocyanins in black rice powder was 178.9 mg (100 g dw 

powder)-1. At λ (520 nm), seven peaks were detected (Figure 3. 1) in black rice extract at 

different retention times (RT) with different masses as shown in Table 3. 1. Cya3Glc 

(m/z[M+H]+  449.1; RT 13.7) was shown to be a predominant anthocyanin (84.4 % w/w 

of the total anthocyanins) in black rice powder followed by Peo3Glc (m/z[M+H]+ 463.1; 

RT 18.4) with 11 % w/w of the total anthocyanins. These anthocyanins were identified 

using reference standards, retention times at 520 nm, and MS data.  In addition, five other 

peaks were detected at λ (520 nm) which are putatively identified as follows: Unknown 1 

(m/z[M+H]+  737; RT 3.9), Cya35diGlc (m/z[M+H]+ 611.1; RT 12.0), Cya3Glc-p-

coumarate (m/z[M+H]+  595.1; RT 16.4), unknown 2 (m/z[M+H]+  465.1; RT 18.7), and 

Peo3Glc-p-coumarate (m/z[M+H]+ 609.3; RT 19.2).  
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Table 3. 1. The content of anthocyanins in black rice powder 

Peak 
RT  

(min) 

Parent ion 

 m/z 

[M+H]+ 

Fragment ions 

[M+H]+ 

Identified 

anthocyanin 

Content 

(mg 100 g-1 

d.w.) 

1 3.9 737.1 287.1 
Unknown 1 

(Cya type)  
1.0 a 

2 12.0 611.1 449.1, 287.1 Cya35diGlc 1.7 a 

3 13.7 449.1 287.1 Cya3Glc  150.9 a 

4 16.4 595.1 287.1 
Cya3Glc-p-

coumarate 
1.9 a 

5 18.4 463.1 301.1 Peo3Glc  19.7 b 

6 18.7 465.1 303.1 Unknown 2 Traces 

7 19.2 609.1 465.1, 433.1 
Peo3Glc-p-

coumarate 
3.7 b 

    Total 178.9  
a =expressed as Cya3Glc 
b =expressed as Peo3Glc 

 

In bilberry powder, fourteen different anthocyanin compounds were detected at λ (520nm) 

(Figure 3. 2) and quantified with a total anthocyanin content of 1774.6 mg (100 g dw 

powder)-1. All individual bilberry anthocyanins are presented with their parent ion 

[M+H]+, fragment ions, and contents. Although, various anthocyanins were identified, 

only monosaccharide-anthocyanins were identified and no disaccharide or acylated 

anthocyanins were detected. 

Five peaks were identified using reference standards and retention times, UV-Vis and MS 

data as follows: Del3Glc (m/z[M+H]+  465.1; RT 10.2), Cya3Glc (m/z[M+H]+  449.1; RT 

13.8), Pet3Glc (m/z[M+H]+  479.1; RT 16.8), Peo3Glc (m/z[M+H]+  463.1; RT 18.4), and 

Mal3Glc (m/z[M+H]+  493.1; RT 18.9). The remaining nine anthocyanins were putatively 

identified using their mass data and from literature 223 as follows: Del3Glc (m/z[M+H]+  

465.1; RT 8.3), Cya3Gal (m/z[M+H]+  449.1; RT 11.3), Del3Ara (m/z[M+H]+  435.1; RT 

12.1), Cya3Ara (m/z[M+H]+  419.1; RT 15.0), Peo3Gal (m/z[M+H]+  463.1; RT 17.5), 

Pet3Ara (m/z[M+H]+  449.1; RT 17.9), Mal3Gal (m/z[M+H]+  493.1; RT 18.6), Peo3Ara 

(m/z[M+H]+  433.1; RT 18.7), and Mal3Ara (m/z[M+H]+  463.1; RT 19.2). 
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Table 3. 2. The content of anthocyanins in bilberry powder 

Peak 
RT 

(min) 

Parent ion  

[M+H] + 

Fragment 

ions 

[M+H]+ 

Identified 

anthocyanin 

Content 

(mg 100 g-1 d.w.) 

1 8.3 465.1 303 Del3Gal 172.4 a 

2 10.2 465.1 303 Del3Glc 272.0 a 

3 11.3 449.1 287 Cya3Gal 107.3 b 

4 12.1 435.1 303 Del3Ara 161.3 a 

5 13.8 449.1 287 Cya3Glc 221.4 b 

6 15.0 419.1 287 Cya3Ara 182.4 b 

7 16.8 479.1 317 Pet3Glc 177.3 c 

8 17.5 463.1 301 Peo3Gal 22.1 d 

9 17.9 449.1 317 Pet3Ara 54.5 c 

10 18.4 463.1 301 Peo3Glc 99.6 d 

11 18.6 493.1 331 Mal3Gal 74.3 e 

12 18.7 433.1 301 Peo3Ara 17.6 d 

13 18.9 493.1 331 Mal3Glc 161.5 e 

14 19.2 463.1 331 Mal3Ara 51.0 e 

 Total 1774.6 
a =expressed as Del3Glc, b =expressed as Cya3Glc, c =expressed as Pet3Glc, d =expressed as 

Peo3Glc, and e =expressed as Mal3Glc 
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Figure 3. 1. DAD chromatogram at 520 nm showing anthocyanins identified in black rice powder. 

One gram of black rice powder was subjected to the extraction process under stirring at 600 rpm with 50 mL acidified aqueous ethanol (60% v/v) for 180 min at room 

temperature. 20 µL of the extracted solution was injected onto Kinetex XB-C18 column (Reversed phase; 100× 4.6 mm; particle size 2.6 μm) at 40°C using a gradient 

separation by 5% aqueous formic acid (eluent A) and 5% formic acid in acetonitrile (eluent B). 
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Figure 3. 2. DAD chromatogram at 520 nm showing anthocyanins identified in bilberry powder. 

One gram of bilberry powder was subjected to an extraction process under stirring at 600 rpm with 50 mL acidified aqueous ethanol (60% v/v) for 180 min at room 

temperature. 20 µL of the extracted solution was injected onto Kinetex XB-C18 column (Reversed phase; 100× 4.6 mm; particle size 2.6μm) at 40°C using 5% aqueous 

formic acid (eluent A) and 5% formic acid in acetonitrile (eluent B).  
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3.4.2. Effects of the glycerol to water ratio on the amounts of 

anthocyanins extracted from black rice and bilberry 

For a “green” extraction process, an alternative, eco-friendly and a cost-effective solvent 

mixture of glycerol/water was tested. To assess how different ratios affected the total 

quantity of anthocyanins extracted, nine different ratios ranging from 10 to 90% w/v 

glycerol/water were prepared. A 1 g of black rice or bilberry powders were subjected to 

an extraction process using 50 mL of solvent for 180 min (Chapter 2, section 2.1.2). A 

control solvent of acidified aqueous ethanol (60 % v/v) was also used for comparison. At 

the end of extraction, samples were collected, and spectrophotometric methods were used 

to quantify total polyphenols and pigments (Chapter 2, section 2.1.5-6), whereas HPLC-

DAD was used to quantify total anthocyanins (Chapter 2, section 2.1.7). Polyphenols 

were quantified as gallic acid equivalents (GAE), while pigments were quantified as 

Cya3Glc equivalents (C3GE). 

For black rice powder, 80% w/v glycerol/water solvent was the most effective mixture to 

extract anthocyanins (Figure 3. 3). No significant difference in total pigments between 

conventional solvent and various mixtures of glycerol/water solvents (60, 70, and 80%, 

w/v) was observed. However, the 80% w/v glycerol solvent showed better anthocyanin 

and polyphenol recoveries compared to the conventional solvent. For example, the 

recovered anthocyanin concentrations were 211 mg 100 g-1 dw powder when using 80% 

w/v glycerol/water solvent, while it was 178 mg 100 g-1 dw powder when using the 

conventional solvent. Furthermore, there was a significant difference (p<0.0001) in 

recovered polyphenols between the 80% w/v glycerol/water extraction and the 

conventional solvent extraction (900 ± 25 and 520 ± 20 mg 100 g- 1 dw powder, 

respectively). However, no significant differences in extracted pigments between 

conventional solvent (360 ± 5 mg 100 g-1 dw powder) and 80%w/v glycerol solvent (335 

± 10 mg 100 g-1 dw powder) were observed. Regarding solvents of glycerol/water ranged 

from 10 to 50 % w/v, the extracted polyphenols, pigments, and anthocyanins were 

considerably lower than using the conventional solvent of aqueous ethanol (60%, v/v). 

Similarly, for bilberry powder, the 80% w/v glycerol/water solvent gave the highest 

recovery of bilberry anthocyanins (Figure 3. 4). Significant differences were observed 

between conventional solvent and solvents of 80 and 90 % w/v glycerol/water on the 
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recovery of polyphenols (P<0.0001) and pigments (P<0.0001). For example, the 

conventional solvent gave a polyphenol concentration of 2850 ± 60 mg 100 g-1 dw, 

whereas 80 and 90 % w/v glycerol solvents showed better polyphenol recoveries of 3550 

± 150 and 3420 ± 50 mg 100 g-1 dw, respectively.  However, the 80% glycerol solvent 

showed slightly better extraction of total polyphenols than the 90% w/v glycerol solvent. 

Although there was no significant difference in the extracted polyphenols between 80 and 

90% w/v glycerol/water medium, the quantified recovered anthocyanins by 80 and 90% 

w/v glycerol/water solvents were significantly higher (P<0.0001) at 2635 and 2716 mg 

100 g-1 dw, respectively, compared to control solvent (1775 mg 100 g-1 dw powder). In 

addition, the total extracted pigment was similar between 80 and 90% w/v glycerol 

solvent with 2067.4 mg C3GE 100 g-1 and 2046.7 mg C3GE 100 g-1 dw powder, 

respectively. Furthermore, solvents of glycerol/water (ranging from 10 to 50 % w/v) 

showed lower extraction effectiveness in polyphenols, pigments and anthocyanins than 

using the conventional solvent of aqueous ethanol (60%, v/v). 

Therefore, 80% w/v glycerol/water solvent was selected as a suitable solvent mixture for 

extraction of anthocyanins from both black rice and bilberry powders. 
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Figure 3. 3. Bar plot showing quantification assays and recoveries from black rice powder achieved by various glycerol/water mediums ranging between 10- 

90%. 

A 1 g plant powder was added to 50 mL solvent. All extractions were performed at room temperature (23±1 °C) and 600 rpm for 180 min. Samples were taken at 180 

min to quantify total polyphenols (A) and pigments (B) by using spectrophotometer methods whereas HPLC-DAD was used to quantify total anthocyanins (C) (Chapter 

2, section 2.1). A medium of acidified aqueous ethanol was used as a control. The data shown are 3 replicates for polyphenols and pigments analysis, but one injection 

onto HPLC for anthocyanins analysis. Values represent means ± SD for polyphenols and pigments and **** significance from control (p <0.0001) which represent 

quantified extracts from using ethanol medium, using one-way analysis of variance (ANOVA) with Dunnett’s Multiple Comparison Test, ns indicates non-significance. 
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Figure 3. 4. Bar plot showing quantification assays and recoveries from bilberry powder achieved by various glycerol/water mediums ranging between 10- 

90%. 

A 1 g plant powder was added to 50 mL solvent. All extractions were performed at room temperature (23±1 °C) and 600 rpm for 180 min. Samples were taken at 180 

min to quantify total polyphenols (A) and pigments (B) by using spectrophotometer methods whereas HPLC-DAD was used to quantify total anthocyanins (C) (Chapter 

2.1). A solvent of acidified aqueous ethanol was used as a control. The data shown are 3 replicates for polyphenols and pigments analysis, but one injection onto HPLC-

DAD for anthocyanins analysis. Values represent means ± SD for polyphenols and pigments and **** significance from control (p <0.0001), ** significance from control 

(p <0.01), which represent quantified extracts from using ethanol medium, using one-way analysis of variance (ANOVA) with Dunnett’s Multiple Comparison Test. 
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3.4.3. Determining the most effective liquid-to-solid ratios (RL/S) for 

anthocyanin extraction using 80% w/v glycerol /water medium from black 

rice and bilberry 

The next variable of the extraction process that was tested was the liquid-to-solid ratio 

(RL/S) of plant material to solvent. This was assessed using various amounts of ground 

powders (Table 3. 3), which were subjected to extraction using 50 mL of 80% w/v 

glycerol/water for 180 min (Chapter 2, section 2.1.3). To evaluate the extraction 

efficiency of anthocyanins, three different assays were carried out. Samples were 

collected at the end of extraction and then used for the quantification of total polyphenols 

and total pigments using spectrophotometric methods (Chapter 2, section 2.1.5-6)., and 

quantification of total anthocyanins using HPLC-DAD (Chapter 2, section 2.1.7). 

Table 3. 3. Calculated liquid-to-solid ratio (RL/S) based on different sample weights (g) in the 50 mL 

solvent. 

No. 
Solvent volume 

(mL) 

Sample weight 

(g) 

Liquid-to-solid ratio 

(RL/S) 

1 50 0.5 100 

2 50 0.625 80 

3 50 0.833 60 

4 50 1.25 40 

5 50 2.5 20 

To determine the most effective RL/S for best anthocyanin extraction, a range of various 

RL/S 20 to 100 mL g-1 were examined. For black rice powder, no significant differences in 

the concentrations of extracted polyphenols between the extraction with RL/S of 100 and 

80 were observed (Figure 3. 5), although significant differences (p=0.013) were observed 

between RL/S of 100 and 60 (1150 ± 50 and 1050 ± 60 mg 100 g-1, respectively), which 

was highly significant with RL/S of 40 (P<0.0001) with 790 ± 30 mg 100 g-1. Regarding 

the extracted pigment content, there was no significant difference between RL/S= 100 and 

60 but a highly significant difference was observed between RL/S= 100 and 40 (P<0.001). 

For example, the extracted pigments with RL/S of 100 and 60 were 430 ± 11 and 400 ± 15 

mg 100 g- 1, respectively but the recovered pigment at 40 was 370 ± 15 mg 100 g- 1. 

Furthermore, the extracted anthocyanins showed very small differences between 

quantified anthocyanins within various RL/S in corresponding solid amounts in the same 

solvent volume (50 mL). For example, RL/S of 100 showed an extracted anthocyanin 
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content of 196 mg 100 g- 1, whereas RL/S= 20 showed a recovered concentration of 190 

mg 100 g- 1 of black rice anthocyanins. Therefore RL/S= 60 was found to be best, giving a 

total polyphenol concentration of 980 ± 60 mg 100 g-1 dw, total pigments of 400 ± 15 mg 

100 g- 1, and a total of anthocyanins of 190 mg 100 g- 1 dw powder. 

For bilberry powder, the RL/S was also examined within a range varying from 20 to 100 

mL g-1. No significant differences in the yields of polyphenols between RL/S= 100 (4300 

± 400 mg 100 g-1) and RL/S= 80 and 60 (Figure 3. 6) were observed. However, significant 

differences (p=0.001) were observed between RL/S= 100 and 40 (3200 ± 50 mg 100 g- 1). 

In regard to recovered pigments, although no significant differences between RL/S=100 

(2160 ± 50 mg 100 g-1) and 80, 60, and 40 were observed; a significant difference 

(P<0.0001) was observed with RL/S=20 (1850 ± 25 mg 100 g-1). In addition, the total 

anthocyanins showed small differences in recovery in association with increasing 

amounts of plant material in the same volume of medium (50 mL). For example, RL/S= 

100 extracted a total of anthocyanins at 2627 mg 100 g- 1, whereas RL/S= 20 recovered 

2419 mg 100 g- 1. Therefore RL/S= 60 was found to be the most effective ratio to extract 

polyphenols from bilberry with a total polyphenol concentration of 3850 ± 130 mg 100 

g-1 dw powder, total pigment concentration of 2100 ± 40 mg 100 g- 1 dw powder, and a 

total anthocyanins concentration of 2600 mg 100 g- 1 dw powder. 

For anthocyanin extraction from both black rice and bilberry powders, RL/S= 60 was an 

ideal ratio for maximum recovery of anthocyanins. 

 

. 
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Figure 3. 5. Bar plot showing various quantification assays and recoveries achieved by using a medium of 80% w/v glycerol with different ratios of liquid-to-

solid (RL/S) from black rice powder. 

A 0.5, 0.625, 0.833, 1.25, and 2.5 g plant powder was separately added to 50 mL solvent. All extractions were performed at room temperature (23±1 °C) and 600 rpm 

for 180 min. Samples were taken at 180 min to quantify total polyphenols (A) and pigments (B) by using spectrophotometer methods (chapter 2, section 2.1.5-6) whereas 

HPLC-DAD was used to quantify total anthocyanins (C) (chapter 2, section 2.1.7). The data shown are 3 replicates for polyphenols and pigments analysis, but one 

injection onto HPLC for anthocyanins analysis. Values represent means ± SD for polyphenols and pigments. The significance difference from control with p <0.0001 

represented by ****, p <0.001 represented by *** and p <0.05 represented by *, (where control was extracts quantified using ethanol medium) using one-way analysis 

of variance (ANOVA) with Dunnett’s Multiple Comparison Test. 
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Figure 3. 6. Bar plot showing various quantification assays and recoveries achieved by using a medium of 80% w/v glycerol with different ratios of liquid-to-

solid (RL/S) from bilberry powder. 

A 0.5, 0.625, 0.833, 1.25, and 2.5 g plant powder was separately added to 50 mL solvent. All extractions were performed at room temperature (23±1 °C) and 600 rpm 

for 180 min. Samples were taken at 180 min to quantify total polyphenols (A) and pigments (B) by using spectrophotometer methods (chapter 2, section 2.1.5-6) whereas 

HPLC-DAD was used to quantify total anthocyanins (C) (chapter 2. section 2.1.7). The data shown are 3 replicates for polyphenols and pigments analysis, but one 

injection onto HPLC for anthocyanins analysis. Values represent means ± SD for polyphenols and pigments. The significance difference from control with p <0.0001 

represented by ****, p <0.001 represented by *** and p <0.05 represented by * (where control was extracts quantified from using ethanol medium,) using one-way 

analysis of variance (ANOVA) with Dunnett’s Multiple Comparison Test.  
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3.4.4. The effect of temperature on anthocyanin extraction from black 

rice and bilberry over time 

Having selected 80% w/v glycerol/water as a suitable solvent and an RL/S of 60 as the 

most effective for anthocyanin extraction for both plant powders, the next step was to 

investigate the effect of temperature on anthocyanin extraction. To do this, four different 

temperatures (50, 60, 70, and 80°C) were tested on anthocyanin recovery from black rice 

and bilberry powders, using 80% w/v glycerol/water and RL/S of 60 ml g-1. Samples were 

collected at time points over 180 min (Chapter 2, section 2.1.4). The total concentrations 

of polyphenols and total pigments were quantified using spectrophotometric methods 

(Chapter 2, section 2.1.5-6) and total anthocyanins were quantified using HPLC-DAD 

(Chapter 2, section 2.1.7). 

For black rice powder, different temperatures showed different extraction effectiveness 

for polyphenols, pigments, and anthocyanins (Figure 3. 7). At 50 and 60°C, the recoveries 

of polyphenols, pigment and anthocyanins increased over the first 60 min of the 

extraction, then plateaued, with a small decline between 120 and 180 min. Whereas the 

extraction occurring at 70 and 80°C showed a rise in the polyphenols, pigments, and 

anthocyanins over the first 30 min, and then declined after 30 min. The decline after 30 

min was insignificant regarding polyphenols but was significant with pigments and 

anthocyanins. For example, at the end of extraction (at 180 min), the variation in the total 

polyphenols at 50, 60, 70, and 80°C were not significantly different and were as follows: 

1015 ± 20, 1000 ± 15, 990 ± 46, and 1033 ± 7 mg GAE 100 g- 1, respectively. However, 

the variation of the pigments, as well as anthocyanins at 180 min, were significantly 

different between the extraction at lower temperatures (50 and 60°C) and higher 

temperatures (70 and 80°C). For example, the pigments from the extraction process at 50 

and 60°C were 434 ± 6 and 431 ± 11 mg 100 g-1, respectively, while, during the extraction 

at 70 and 80°C, the quantified pigments were remarkably lower with 374 ± 20 and 359 ± 

22 mg 100 g- 1, respectively. Likewise, the quantified anthocyanins at 180 min were 

higher during lower-temperature extractions at 50 and 60°C with 200 and 196 mg 100 g-

1, respectively: and lower during higher-temperature extractions at 70 and 80°C with 166 

and 132 mg 100 g-1, respectively. 
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However, within the four extractions at different temperatures, the highest recovered 

content occurred during the black rice extraction at 80°C with polyphenol concentration 

of 1100 ± 40 mg 100 g-1 at 30 min, pigment concentration of 460 ± 11 mg 100 g-1 at 20 

min, and anthocyanin concentration of 211 mg 100 mg- 1 also at 20 min. Therefore, the 

ideal extraction condition for higher anthocyanin recovery from black rice was achieved 

by using a solvent of 80%w/v glycerol/water with RL/S of 60 at 80°C for 20 min to obtain 

approximately Cya3Glc concentration of 188.7 mg g-1 dw powder and a total anthocyanin 

of 211 mg 100 g-1 dw of black rice powder. 

For bilberry powder, extractions at different temperatures showed different extraction 

behaviours of pigments and anthocyanins but similar behaviour with polyphenol 

extraction (Figure 3. 8). For example, extractions at 50, 60, 70, and 80°C showed that the 

polyphenols were increasing over time until the end of extraction time (180 min), while 

pigments and anthocyanins increased over the first 30 min of the extraction period, then 

showed a plateau with extraction temperatures at 50 and 60°C or showed a decline with 

high extraction temperatures at 70 and 80°C. For example, for each extraction condition, 

the highest recovered contents of polyphenols were achieved at 180 min (at the end of 

extraction time). However, compared with all different conditions, the higher temperature 

(80°C) showed higher polyphenol recoveries.  For example, quantified polyphenols of 

4090 ± 114 mg 100 g-1 dw recovered after 180 min extraction at 50°C, whereas during 

extractions at 60, 70, and 80°C were 4210 ± 120, 4330 ± 80 and 4520 ± 130 mg 100 g-1, 

respectively. 

Regarding pigment recoveries, there were different extraction behaviours at different 

temperatures. For example, during the extraction process at 80°C, the content of pigments 

was elevated over time until 30 min, with a total recovery of 2110 ± 50 mg 100 g-1 dw, 

then started to decline to reach content of 1600 ± 17 mg 100 g-1 dw. However, during the 

extraction process at 70°C, the content of pigments was lower with 2070 ± 125 mg 100 

g-1 dw at 30 min, and higher content of 1890 ± 75 mg 100 g-1 dw at 180 min. Furthermore, 

the extraction at lower temperatures (50 and 60°C) showed similar behaviour where the 

content of pigments was increased until 60 min then plateaued to end up with a quantified 

content of 2100 ± 22 and 2060 ± 40 mg 100 g-1 dw, respectively.   
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In regard to anthocyanin recoveries, extraction at different temperatures showed two 

stages. The first stage was an increase in anthocyanin content over time. The second 

process showed a plateau in the case of 50 and 60°C or a decline in the case of extractions 

at 70 and 80°C.  For example, the anthocyanins increased during the first 30 min (except 

80°C was until 15 min) after which, the quantified anthocyanins plateaued over time with 

extractions at 50 and 60°C and declined over time which was faster in the case of 

extraction at 80°C compared to extraction at 70°C. For example, at 180 min, the total 

anthocyanins were 3125, 3024, and 2778 mg 100 g- 1 at 50, 60, and 70°C, respectively, 

while it was considerably lower (2118 mg 100 g-1) with the highest extraction 

temperature at 80°C. 

Within the four different extraction temperatures, the highest content occurred during 

extraction at 80°C where the highest total polyphenols content was at 180 min with 4517 

± 135 mg 100 g-1, total pigment at 30 min with 2109 ± 54 mg 100 g-1, and total 

anthocyanins at 15 min with 3119 mg 100 g-1. However, only the total anthocyanins 

during 50°C extraction at 60 min was slightly higher (3163 mg 100 g-1) than the 

anthocyanins during 80°C extraction at 15 min. Therefore, the ideal extraction condition 

with the highest anthocyanin recovery from bilberry powder was achieved using a solvent 

of 80% w/v glycerol/water with RL/S of 60 at 80°C for 15 min to obtain a total 

anthocyanins content of 3119 mg g-1 dw of bilberry powder. 
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Figure 3. 7. Different assays showing recoveries from black rice powder over 180 min at various temperatures (50, 60, 70, and 80°C) using 80% w/v glycerol 

and RL/S = 60 mL g-1. 

All extractions were performed at 600 rpm for 180 min. Samples were taken at 5, 10, 15, 20, 30, 60, 120, and 180 min and immediately centrifuged at 10,000×g for 10 

min. Samples were taken at 180 min to quantify total polyphenols (A) and pigments (B) by using spectrophotometer methods (chapter 2, section 2.1.5-6) whereas HPLC-

DAD was used to quantify total anthocyanins (C) (chapter 2, section 2.1.7). The data shown are 3 replicates for polyphenols and pigments analysis, and values represent 

means ± SD, but one injection onto HPLC for anthocyanins analysis.  
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Figure 3. 8. Different assays showing recoveries from bilberry powder over 180 min at various temperatures (50, 60, 70, and 80°C) using 80% w/v glycerol 

and RL/S = 60 mL g-1.  

All extractions were performed at 600 rpm for 180 min. Samples were taken at 5, 10, 15, 20, 30, 60, 120, and 180 min and immediately centrifuged at 10,000×g for 10 

min. Samples were taken at 180 min to quantify total polyphenols (A) and pigments (B) by using spectrophotometer methods (chapter 2, section 2.1.5-6) whereas HPLC-

DAD was used to quantify total anthocyanins (C) (chapter 2, section 2.1.7). The data shown are 3 replicates for polyphenols and pigments analysis, and values represent 

means ± SD, but one injection onto HPLC for anthocyanins analysis.  
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3.5. Discussion 

The overall aim of this chapter was to prepare cost-effective, green anthocyanin-rich 

extracts from black rice and bilberry powders to be used for the investigations of 

anthocyanins metabolism by the human gut microbiota.  

The main findings in this chapter were that (i) Cya3Glc was the main anthocyanin in 

black rice powder, whereas the bilberry anthocyanins consisted of 14 different 

anthocyanins (ii) the extraction of anthocyanins from black rice and bilberry was higher 

using the alternative solvent of 80% w/v glycerol/water compared to the conventional 

solvent of aqueous ethanol, (iii) the solid ratio over the solvent volume showed that RL/S 

= 60 mL g- 1 was the best for anthocyanin recoveries from black rice and bilberry powder, 

and (iv) increasing temperature also increased recovery but this varied with the time of 

incubation, where longer incubation times with higher temperatures, reduced the stability 

of anthocyanins and therefore the effectiveness of their recovery. 

The data presented here demonstrate for the first time that aqueous combinations of 

glycerol up to 80% (w/v) can significantly increase the total extracted yields of 

anthocyanins with 211 and 2635 mg 100 g-1 dw from black rice and bilberry, respectively. 

However, a higher percentage of glycerol of 93% and 90% (w/v) were reported to be 

suitable glycerol/water mixtures for the extraction of polyphenolic contents from olive 

leaves and Artemisia species, respectively 217,224. This was significantly different from 

the total anthocyanin yields obtained from using aqueous mixtures with ethanol, a widely 

used medium to extract phenolic compounds from their plant sources 214,225. For example, 

from the data presented in this chapter, the aqueous ethanol (60% v/v) recovered only 

total anthocyanins of 179 and 1775 mg 100 g-1 dw from black rice and bilberry powders, 

respectively. The effectiveness of aqueous glycerol solvent was previously investigated 

which showed better recovery of polyphenols from other plant materials224. A report by 

Rupasinghe and others reported that solvent polarity is a critical factor that affected the 

recovery of molecules from plant matrices and thus different fractions can be obtained 

through modification of the polarity of the extraction solvent 226. This might be afforded 

by reducing the dielectric constant of water (Ɛ= 80.1) with the addition of glycerol which 

has a lower dielectric constant (Ɛ= 42.5) which could favourably increase the extraction 
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effectiveness of polyphenols and anthocyanins. However, other parameters might affect 

the extraction efficiency of the solvents such as the solubility of phenols in different 

solvents and the intermolecular forces (mainly hydrogen bonds) between them and the 

solvent 217. 

In addition, increasing the solid material over the solvent volume showed that the 

efficiency ratio for the recovery of anthocyanins was RL/S=60 mL g-1 for both black rice 

and bilberry, providing corresponding total anthocyanins of 190 and 2600 mg 100 g-1dw. 

This effect was ascribed to the improvement of mass transfer between the solid and the 

liquid. For example, mass transfer is greater when a higher liquid-to-solid ratio is applied. 

If the amount of solvent is not sufficient to allow adequate diffusion of the dispersed 

solids, thus resistance to mass transfer from the solid particles to the liquid phase is 

predictable.  Therefore, a well-defined RL/S is important to achieve an adequate mix 

between solid and liquid as well as a high diffusion rate of solute during extraction 227. In 

contrast with the data presented in this chapter, for example, RL/S of 100 mL g-1 was the 

most effective ratio for maximum yield of polyphenols from Artemisia species using 90% 

glycerol/water solvent217.   

Furthermore, increasing extraction temperature increased anthocyanins recoveries from 

black rice and bilberry. However, high temperature for a long time was shown to 

adversely affect the stability of anthocyanins. Data presented in this chapter shows that 

extraction of anthocyanins is significantly different at different temperatures. In addition, 

the extraction duration is an important factor, which is also demonstrated by Seikova and 

others 228.  In fact, extraction temperature and duration are correlated, and they are defined 

as the most essential factors in phytochemical extraction process 229. Although it has been 

undeniably shown that in most cases, increasing temperature up to 70–80°C produced 

higher polyphenol yields, longer extraction time not only makes a process energy-

ineffective but also offers no benefit for higher extracted yields. This is because in most 

cases the extracted yields obey the second-order model 230,231. For example, at 80°C, the 

recovery of anthocyanins increased only until 20 and 15 min for black rice and bilberry, 

respectively. After reaching the highest (at 15 and 20 min) extraction yields, whether the 

total extracted anthocyanins decline or stay at the same concentrations depends on the 

plant and the temperature used. It is well known that anthocyanins degrade spontaneously 
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in media at neutral pH into a simple phenolic compound like PCA and PGA 38,87. This 

might be supported by the rise in quantified total polyphenols from the same samples over 

time in both black rice and bilberry (Figure 3. 7 and Figure 3. 8). Therefore, higher 

recovery of anthocyanins could be achieved by using high temperature for short time or 

at lower temperature for longer time.   

Although, in both black rice and bilberry powder, the extracted yields of anthocyanins 

were higher using glycerol/water solvent than acidified ethanol/water solvent, the 

anthocyanin-rich glycerol extracts were unsuitable to be used for the incubation in the 

batch colon model due to two issues: (i) the glycerol/water is hard to remove and the 

absolute amounts that would need to be added to colon models renders it not useable (e.g., 

the concentration of Cya3Glc in black rice glycerol extract was 30.4 µg/mL, thus 20 mL 

glycerol extract will be needed to prepare 60 µg/mL Cya3Glc in a total volume of 100 

mL), (ii) adding glycerol means another carbon source for the microbes in the colon 

model, and (iii) the extraction does not likely just extract anthocyanins but also various 

phenolics which would need to be removed through one or more additional clean-ups that 

would be time-consuming and expensive (large scale preparative chromatography). 

Therefore, highly purified commercially-available anthocyanin extracts will be used for 

future experiments instead. 

3.6. Conclusions 

The research presented in this chapter focused on using an eco-friendly extraction process 

to prepare cost-effective anthocyanin-rich extracts from raw materials of black rice and 

bilberry using aqueous glycerol solvent, and to be used later for further investigations. A 

glycerol concentration up to 80% (w/v) with RL/S of 60 provided very satisfactory contents 

of extracted total anthocyanins from black rice and bilberry. The most effective extraction 

temperature was 80°C for 20 min for black rice and 15 min for bilberry. In both black 

rice and bilberry, longer extraction time adversely affected anthocyanins stability and thus 

anthocyanins degraded into low molecular weight compounds. The main black rice 

anthocyanins were Cya3Glc (84%) and Peo3Glc (11%) of the total black rice 

anthocyanins, while in bilberry a range of fourteen different monosaccharides of 

delphinidin, cyanidin, petunidin, peonidin and malvidin derivatives of anthocyanins were 
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detected. Although the extracted anthocyanins using aqueous glycerol solvent was better 

than aqueous ethanol solvent, the extracted anthocyanin concentration, from both plant 

powders, was relatively low due to the higher volume needed to be used in the incubation 

vessels to study the gut microbial metabolism of anthocyanins. Therefore, the highly 

purified commercially-available anthocyanin extracts will be used in the investigation 

with the human gut microbiota which will be presented in the following chapters 

(Chapters 4, 6, and 7). 
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Chapter 4: The metabolism of 

anthocyanins by the human gut 

microbiota  

4.1. Abstract 

Background: Numerous reports on anthocyanins show that they are very poorly 

bioavailable, and this has led to the concept that the beneficial effects of consuming 

anthocyanin-rich foods and diets are caused by breakdown products and metabolites 

rather than the anthocyanins themselves. The seminal report from a study of human 

metabolism of penta-[13C] labelled cyanidin-3-glucoside (Cya3Glc) has provided more 

clarity as to the nature of human metabolites of this anthocyanin and confirmed that 

breakdown products and their metabolites are found in blood and urine at orders of 

magnitude higher concentrations than the intact anthocyanin 99. However, it is not clear 

if these breakdown products are produced through spontaneous degradation or 

microbiota-dependent transformation, or a combination of both. Few studies reported the 

degradation of anthocyanins in the presence of the human faecal microbiota, and these 

have used simple non-pH-controlled colon models and, apart from one, have not tried to 

distinguish between spontaneous and microbiota-dependent degradation.   

Objective: The work presented in this chapter aimed to investigate (i) the relative 

contribution of the microbiota and spontaneous processes in the degradation of 

anthocyanins, (ii) the within-person and (iii) between person variation of these processes, 

and (iv) whether there are differences in anthocyanin degradation between colon models 

with and without pH control. 

Methods: An in-vitro pH-controlled human colon model was used to incubate two 

different anthocyanin-rich extracts from black rice and bilberry, with human gut 

microbiota. Black rice and bilberry extracts were incubated in media with faecal inoculum 

over 24 h and HPLC-DAD was used to quantify the concentration of anthocyanins over 

the incubation time. The colon model was inoculated with both fresh human faecal 

samples and autoclaved human faecal samples to represent microbial-dependant 
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metabolism and spontaneous degradation respectively. Similar incubations were 

performed using a non-pH-controlled colon model also under an anaerobic environment. 

The feasibility of using glycerol-frozen faecal stocks to inoculate the colon model was 

also investigated. Intra- and inter-individual variations were determined by conducting 

experiments with faecal samples collected from the same donor on different days and 

faecal samples collected from different donors, respectively.  

Results: Loss of anthocyanins occurred both in the presence and absence of live faecal 

inoculum. However, the rate of loss of anthocyanins was considerably faster in the 

presence of live faecal inoculum compared to autoclaved faeces. The rate of loss of 

anthocyanins varied between donors but also for faecal samples collected from the same 

donor but on different days. In the non-pH-controlled colon model, the rate of loss of 

anthocyanins was much slower and only occurred over the first 6 h of incubation and did 

not proceed to completion, probably due to reductions in pH caused by organic acid 

production (and consequent reduction in pH) by the microbiota. The breakdown of 

Cya3Glc was shown to occur at similar rates in glycerol-frozen faecal stocks compared 

to the corresponding fresh faecal sample. The rates of loss of anthocyanins varied and the 

differences were shown to depend on the B-ring substitution pattern and the type of sugar 

moiety, both for spontaneous and microbiota-depended degradation.   

Conclusion: The degradation of anthocyanins was faster in the presence of live faecal 

microbiota compared to autoclaved faecal microbiota. This result supports the hypothesis 

that the human gut microbiota is involved in anthocyanin metabolism and their microbial 

metabolites should be considered when evaluating the effects of anthocyanins on host 

health. Therefore, further studies on the spontaneous and microbial degradation of 

anthocyanins were carried out and presented in the following chapters (chapter 5 and 

chapter 6, respectively). 
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4.2. Introduction 

There have been challenges to demonstrate physiological-relevant mechanisms of action 

underlying the health benefits of anthocyanins. An important reason for this relates to the 

very poor availability of anthocyanins which are poorly absorbed from the intestinal tract 

and are hardly detected in serum and/or urine 232. 

The human gastrointestinal tract is the main location of the human gut microbiota which 

comprises 1012- 1014 resident microorganisms, including bacteria, viruses, fungi, and 

protozoa, that are commensal within the human gut 233. In recent years, more evidence 

has shown the link between the status of gut microbiota and either gastrointestinal 

functions and/or non-gastrointestinal diseases 153. Meanwhile, many scientific articles 

have been published recently showing the importance of the mutual relationship of the 

human gut microbiota with our diets, and how this relationship strongly influences human 

health 234. Our diets contain numerous bioactive compounds, and, therefore, any dietary 

changes can cause rapid microbial diversity and structural as well as metabolite shifts. 

These alterations play a significate role in the modulation of the risk of several chronic 

diseases such as type 2 diabetes, obesity, inflammatory bowel disease, and cardiovascular 

diseases 235.  

Therefore, several investigations have been conducted to understand this interaction 

between dietary bioactive compounds, including anthocyanins, and the human gut 

microbiota, especially the intestinal microbiota metabolites which are different from 

those that can be generated by human enzymes 158. In the last 10 years, many reports have 

been published that investigated the relationship between anthocyanins and the human 

gut microbiota. The main reason was that the bioavailability studies showed that 

anthocyanins are hardly detected in urine or serum (less than 2% of anthocyanin intake) 

99.  However, the knowledge regarding the interaction between anthocyanins and the 

human gut microbiota is still limited. Firstly, most of these investigations have focused 

on mutual interactions between polyphenol-rich diets and the gut microbiome 236. For 

example, Cheng and others proposed that the human gut is the main bioreactor where tea 

polyphenols and gut microbiota have reciprocal interactions where the polyphenols 

modulate gut bacteria composition and gut microbiota metabolise polyphenols to form 
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metabolites 237. Several reports have been recently published investigating in more detail 

the sub-categories of polyphenols such as the flavonoid classes flavonols, isoflavones, 

flavones, flavanones, and flavan-3-ols.  

Anthocyanins also have been investigated like other flavonoids but still need more 

detailed investigations using the human microbiota and including proper controls. For 

example, several in-vitro and in-vivo studies were conducted using animal models to 

investigate the relationship between anthocyanins and gut microbiota which may not be 

representative of metabolic processes occurring in humans 88. In addition, previous 

human in-vitro studies (where human faecal samples were used), have used anaerobic 

models without pH control 91,173. In contrast, Hidalgo and others investigated the 

degradation of individual anthocyanins by the human gut microflora using pH-controlled 

colon models177. However, they did not report the role of the microbiota versus 

spontaneous chemical degradation such as incubating anthocyanins with heat-inactivated 

human faeces. Other reports used individual bacterial isolates represented in the human 

gut microflora to investigate the anthocyanin degradation by individual human microbes 

which is a simplification of the complex multi-organism structures present in the human 

gut 88. To my knowledge, the investigation of the intra- and inter-individual variations 

have not been reported yet using an established pH-controlled model with appropriate 

controls. Understanding the contribution of complex microbial-dependent degradation 

and that of spontaneous degradation, and how they determine inter-individual and intra-

individual variations in metabolites produced is critical for clarifying mechanisms 

involved in the beneficial effects of anthocyanins and their metabolites. There is evidence 

suggesting that metabotypes can determine the beneficial effects of polyphenols 238. To 

date, the interactions of anthocyanins with the human gut microbiota are still not fully 

understood. 

The overall aim of this chapter, therefore, is to investigate the metabolism of anthocyanins 

by the human gut microbiota using a pH-controlled batch colon fermentation, including 

appropriate controls by incubating anthocyanins with inactivated faecal samples and 

investigating inter and intra-individual variations using faecal samples from different 

donors or the same donor respectively. 
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4.3. Objectives 

The overall aim of the research presented in this chapter and chapter 6 was to investigate 

the metabolism of dietary anthocyanins by the human gut microbiota in more detail. The 

focus of the research reported in this chapter was to understand the role of the microbiota, 

and between-person differences, in the disappearance of anthocyanins. Subsequently, 

chapter 6 reports the various metabolic transformations that occur and is therefore focused 

on the production of (ring-fission) metabolites and their further metabolism. The in-vitro 

human colon fermentation was used as an experimental model and the metabolism of two 

sources of dietary anthocyanins (black rice and bilberry) was investigated. Therefore, the 

studies described in this chapter were focused on (i) monitoring the disappearance of 

anthocyanins during in-vitro colon fermentation in the presence of live and heat-

inactivated human faecal microbiota; (ii) exploring the loss of anthocyanins in the 

presence as well as the absence of the human gut microbiota, and (iii) investigating the 

intra- and inter-individual differences on the loss of anthocyanins during in-vitro colon 

fermentation. 

4.4. Results 

4.4.1. Chemical characterisation of the black rice and bilberry extract 

powders 

In chapter 3, the use of green solvents (glycerol-water mixtures) to extract anthocyanins 

from raw black rice grain and bilberry fruits was reported. However, despite this 

extraction process being efficient for extraction of anthocyanins from black rice and 

bilberry, the final extracts did not contain anthocyanins at a high enough concentration 

which would result in requiring large quantities of glycerol to be added to the colon 

model. At this time, commercially available anthocyanin-rich extract powders prepared 

from both black rice and bilberry were purchased from the Beijing Gingko Group (BGG), 

China (Appendix 1). According to a representative of BGG, the black rice and bilberry 

were extracted using aqueous alcohol and then the anthocyanins were purified by passing 

the extracts through a chromatography column before the purified solutions were dried to 

give anthocyanin-rich powders (Dr Paul Kroon, QIB, personal correspondence). The 

content and composition of anthocyanins in both extracts were determined. 
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HPLC- TOF- MS was used to identify the various anthocyanins in the extracts (Chapter 

2, section 2.2.9). Then, HPLC-DAD was initially used to quantify the anthocyanins using 

520 nm (Chapter 2, section 2.2.7). In addition, the standard addition method was carried 

out to confirm the quantity of anthocyanins in black rice extract powder. Moreover, the 

extinction coefficients for several commercially available HPLC-grade purified 

anthocyanins were determined using a spectrophotometer at 520 nm (Appendix 2) for 

checking the concentrations of stored standard stocks over time.  

The HPLC-TOF-MS data showed that the black rice extract powder contained 6 different 

putative anthocyanins based on (i) the peak of absorbance at 500 nm (Figure 4. 1), (ii) 

the presence of a signal corresponding to the m/z [M+H]+ of the parent anthocyanins 

(Table 4. 2 and Figure 4. 2), (iii) the presence of a m/z[M+H]+ 287.058 (corresponding 

to cyanidin aglycone) or a m/z[M+H]+ 301.073 (corresponding to peonidin aglycone) 

(Figure 4. 2), and (iv) the majority of these identifications being consistent with the 

anthocyanins that were reported previously 239.  

The quantitative analysis was first carried out using the A520 nm data from the HPLC-DAD 

run (Chapter 2, section 2.2.7), with quantification done by comparing the peak area 

obtained for the black rice extract with peak areas obtained for a range of known 

concentrations of Cya3Glc reference standards (i.e., an external standard curve; Figure 

4. 3). Using this quantitative method gave a Cya3Glc content of 284.8 ± 4.8 mg/g dry 

weight of black rice powder. The same method gave the content of unknown 1 (Cya-

type), Cya3,5diGlc, Cya3Glc-p-coumarate, Peo3Glc, and unknown 2 (Cya-type) for 1.8 

± 0.7, 2.4 ± 0.3, 4.6 ± 0.2, 19.9 ± 1.1, and 6.8 ± 1.2 mg/g dry weight of black rice powder, 

respectively. The total anthocyanin was calculated as the sum of the individual 

anthocyanin contents at 320.2 ± 8.3 mg/g dry weight of black rice powder.  
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Figure 4. 1. MS and DAD chromatograms of anthocyanins in black rice extract powder. 

A fresh stock solution of black rice extract powder (1 mg/mL) was prepared in acidified water (2% formic acid). A 10 µL of prepared stock solution was injected through 

HPLC-ESI-TOF. Both low and high-energy collisions were scanned alongside with DAD detector at 500 nm. Gradient elution was performed using 1% v/v formic acid 

in water as solvent A, and 1% v/v formic acid in acetonitrile as solvent. 
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Figure to be continued……..  
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Figure 4. 2. Signals corresponding to m/z [M+H]+ of anthocyanins in black rice extract. 

A fresh stock solution of black rice extract powder (1 mg/mL) was prepared in acidified water (2% formic acid). A 10 µL of prepared stock solution was injected through 

HPLC-ESI-TOF in positive mode. Both low and high-energy collisions were scanned alongside with DAD detector at 500 nm. Gradient elution was performed using 

1% v/v formic acid in water as solvent A, and 1% v/v formic acid in acetonitrile as solvent B. 
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Figure 4. 3. External standard curve for cyanidin-3-O-glucoside (Cya3Glc). 

A fresh stock solution from the authentic compound of Cya3Glc (1 mg/mL) was prepared in acidified water 

(2% formic acid). In the same matrix, serial dilutions were prepared and then injected through a reversed-

phase column. Peak detection was achieved using a DAD detector at 520 nm. 

 

In addition, the standard addition method was used to quantify the Cya3Glc in the black 

rice extract. The black rice extract prepared in acidified water was mixed with either 

acidified water (no addition) or increasing volumes of Cya3Glc (in acidified water; from 

the same stock as used to prepare the external standard curve) and appropriate volumes 

of acidified water so that all samples had a final volume of 1 mL (Table 4. 1). The 

Cya3Glc content of the black rice extract powder was estimated by plotting the DAD (520 

nm) peak area against the added concentration of pure Cya3Glc (Figure 4. 4), which was 

333.6 ± 15.3 mg/g dry weight powder (33.4 % w/w), whereas 15 different anthocyanin 

compounds in bilberry extract powder were quantified using (Figure 4. 7) the same 

approach described above. 
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Table 4. 1. Preparation of standard addition for Cya3Glc 

Vials 
Black rice 

(µL) 

Pure 

Cya3Glc 

(µL) 

Added 

Cya3Glc 

(µM) 

Acidified 

water (µL) 

Peak 

area 

(520 nm) 

0 0.00 0.00 0.0000 1000 0.000 

1 250 0.00 0.0000 750 79.32 

2 250 50.0 1.7215 700 122.8 

3 250 150 5.1645 600 216 

4 250 250 8.6075 500 314.2 

5 250 500 17.215 250 543.9 
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Figure 4. 4. Standard addition for cyanidin-3-O-glucoside (Cya3Glc). 

A fresh stock solution of black rice extract powder (16.6667 µg/mL) was prepared in acidified water (2% 

formic acid). A pure authentic standard of Cya3Glc was also freshly prepared in 2%v/v aqueous formic 

acid with 34.430 µM (15.462 µg/mL) concentration. 250 µL of black rice stock solution was added 

separately in 5 different 1.5 mL-Eppendorf tubes. A serial volume from pure Cya3Glc stock was added in 

only 4 of the Eppendorf tubes. A blank sample was prepared using only acidified aqueous 4%v/v formic 

acid. All tubes were topped up to 1mL using the same acidified water. All samples were vortex and then 

injected through HPLC-DAD and all measurements were taken at 520 nm. 
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Table 4. 2. The content of anthocyanins identified in black rice extract powder* 

Peak 

RT 

TOF-MS 

(min) 

RT 

DAD520nm 

(min) 

Parent ion 

m/z [M+H] +  

Other ions  

m/z [M+H]+ 

Identified 

anthocyanin 

Content# 

(mg g-1 d.w.) 

% of total 

anthocyanins 

1 8.42 3.55 737.170 575.118, 423.073, 287.058 Unknown 1 (Cya-type) 4.68 ± 0.08 a 1.22 

2 13.13 10.42 611.160 449.108, 287.058 Cya3,5diGlc 5.98 ± 0.07 a 1.56 

3 14.06 11.72 449.110 287.058 Cya3Glc 333.44 ± 5.4 87.21 

4 15.90 15.08 595.166 287.057 Cya3Glc-p-coumarate 6.26 ± 0.18 a 1.64 

5 17.81 17.92 463.124 301.073 Peo3Glc 23.48 ± 1.88 6.14 

6 19.80 18.71 609.309 525.288, 287.057 Unknown 2 (Cya-type) 8.49 ± 1.34 a 2.22 

     Total 382.33 ± 8.95 100 
*Identification of anthocyanins in black rice extract powder was achieved by freshly preparing three different concentrations of black rice extract powder 

(1, 0.05, and 0.0333 mg/mL) in 2%v/v formic acid in water and 10 µL was injected through HPLC-ESI-TOF in positive mode. Both low and high-energy 

collusions were scanned alongside UV-VIS detection at 500 nm. Gradient elution was performed using 1% v/v formic acid in water as solvent A, and 1% 

v/v formic acid in acetonitrile as solvent B. However, the quantification method was performed by using an additional standard curve for Cya3Glc but an 

external standard curve for other compounds. All peaks were detected at 520 nm on HPLC-DAD using a gradient elution of 5% v/v formic acid in water 

as solvent A, and 5% v/v formic acid in acetonitrile as solvent B. The content was calculated using the average of three different concentrations of black 

rice extract powder.  

 
#Values are expressed as mean ± SD.  
 

a =expressed as Cya3Glc equivalent  
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Figure 4. 5. HPLC-DAD chromatogram of black rice anthocyanins at 520 nm. 

Quantification was performed by using an external standard curve for two authentic anthocyanins (Cya3Glc and Peo3Glc). A 20 µL sample was injected onto the 

reversed-phase column using a gradient elution of 5% v/v formic acid in water as solvent A, and 5% v/v formic acid in acetonitrile as solvent B.
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The HPLC-TOF-MS data showed that the bilberry extract powder contained 15 different 

putative anthocyanins based on (i) the presence of a signal corresponding to m/z [M+H]+ 

of the parent anthocyanins (Table 4. 3 and appendix 3), (ii) the presence of the fragment 

ions of anthocyanidins such as m/z[M+H]+ 287.058 (corresponding to cyanidin aglycone), 

301.073 (corresponding to peonidin aglycone), 331.083 (corresponding to malvidin 

aglycone), 303.052 (corresponding to delphinidin aglycone), 317.067 (corresponding to 

petunidin aglycone), 301.072 (corresponding to peonidin aglycone) (Figure 4. 6), and 

(iii) the literature where the majority of these identifications being consistent with the 

bilberry anthocyanins that were reported previously 239.  

The quantitative analysis of the content of anthocyanins in bilberry extract powder was 

carried out using the A520 nm data from the HPLC-DAD run (Chapter 2, section 2.2.7), 

with quantification done by comparing the peak area obtained for the black rice extract 

with peak areas obtained for a range of known concentrations of reference standards 

(Appendix 3). Using this quantitative method gave individual anthocyanin contents 

(Table 4.6). The total anthocyanin was calculated as the sum of the individual anthocyanin 

contents at 262.9 ± 5.46 mg/g dry weight of bilberry powder.  
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Figure 4. 6. TOF MS spectrum for the identified bilberry anthocyanins. 



 

Chapter Four 

95 

 

Table 4. 3. Identified anthocyanins and their contents in bilberry extract powder 

Peak 

RT  

TOF-MS 

(min) 

RT  

DAD520nm  

(min) 

Parent ion  

m/z [M+H] + 

Other ions  

m/z [M+H]+ 

 

Identified 

anthocyanin 

Content# 

(mg g-1 d.w.) 

% of total 

anthocyanins 

1 11.16 7.22 465.104 303.052 Del3Gal 36.87 ± 0.66a 14.0 

2 12.22 8.91 465.104 303.052 Del3Glc 34.89 ± 0.67a 13.3 

3 12.93 9.97 449.108 287.057 Cya3Gal 26.49 ± 0.53b 10.1 

4 13.25 10.65 435.093 303.052 Del3Ara 32.19 ± 0.68a 12.2 

5 14.28 12.35 449.109 287.057 Cya3Glc 25.55 ± 0.66b 9.7 

6 14.93 13.03 479.119 317.067 Pet3Gal Traces 0 

7 15.13 13.65 419.099 287.057 Cya3Ara 29.71 ± 0.61b 11.3 

8 16.01 15.63 479.118 317.067 Pet3Glc 21.58 ± 0.40c 8.2 

9 16.68 16.38 463.124 301.072 Peo3Gal 2.75 ± 0.12d 1.0 

10 16.99 16.99 449.109 317.067 Pet3Ara 6.80 ± 0.15c 2.6 

11 17.84 18.08 463.124 301.073 Peo3Glc 10.39 ± 0.18d 4.0 

12 18.00 18.32 493.135 331.083 Mal3Gal 8.24 ± 0.18e 3.1 

13 18.49 18.49 433.113 301.073 Peo3Ara 1.67 ± 0.11d 0.6 

14 18.85 18.76 493.135 331.083 Mal3Glc 20.53 ± 0.37e 7.8 

15 19.65 19.06 463.124 331.082 Mal3Ara 5.20 ± 0.12e 2.0 

  Total 262.9 ± 5.46 100 
# The quantification method was performed by using an external standard curve at 520 nm on HPLC-DAD. The content was calculated using the average 

of five different concentrations of bilberry extract powder. Values are expressed as mean ± SD.  

 
a =expressed as Del3Glc, b =expressed as Cya3Glc, c =expressed as Pet3Glc, d =expressed as Peo3Glc, and e =expressed as Mal3Glc.
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Figure 4. 7. HPLC-DAD chromatogram of bilberry anthocyanins at 520 nm. 

The quantification method was performed by using an external standard curve for five authentic anthocyanins (Del3Glc, Cya3Glc, Peo3Glc, Pet3Glc, and Mal3Glc). A 

20 µL was injected into the reversed-phase column using a gradient elution of 5% v/v formic acid in water as solvent A, and 5% v/v formic acid in acetonitrile as 

solvent B.  
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4.4.2. The disappearance of Cya3Glc during incubation of a black rice 

anthocyanin extract in the human in-vitro colon model. 

In order to gain an understanding of the rate at which the anthocyanins disappear during 

the microbial colonic fermentations, how long it takes for all the anthocyanins to 

disappear, and what would be a suitable starting concentration, preliminary investigations 

were carried out. First, black rice extract was incubated with human fresh faecal samples 

in the batch in-vitro colon model (Figure 4. 8) as described in detail in Chapter 2 

(Section 2.2). Two different concentrations of black rice extract powder were tested 

(Figure 4. 9 and Figure 4. 10). Control vessels were inoculated with a human fresh faecal 

sample but without black rice extract. 

No Cya3Glc was detected in any of the samples from the control vessels and was detected 

in samples from vessels treated with black rice extract. However, the initial quantified 

concentration (Cinitial) of Cya3Glc at 0 h was significantly lower than the initial theoretical 

concentration (Ctheo, 66.80 µM) with a 42.2 % and 44.9 % reduction when using the faecal 

slurries from donor 01-S1 and donor 04-S1, respectively. Cya3Glc concentration declined 

rapidly over time with complete disappearance of Cya3Glc by 8 h in donor 01-S1 and by 

4 h in donor 04- S1 (Figure 4. 9). The initial rate of loss of anthocyanin was estimated 

by comparing the concentration of Cya3Glc at 0 h with that at the 2 h time point. The 

initial decline rate was 7.75 µM/h for donor 01-S1 and 13.08 µM/h for donor 04-S1.  

A higher starting concentration of black rice extract was also tested (133.60 µM Cya3Glc) 

(Figure 4. 10). Only one faecal sample was used from donor 01-S2. The quantified 

Cya3Glc at 0 h was 73.3 µM with a reduction of 45.1 % than the initial Ctheo (133.36 µM). 

However, the initial decline rate of the Cya3Glc concentration over the first 2 h was 13.95 

µM/h, which was almost twice as fast as for the same donor 01-S1 sample result obtained 

at half the Cya3Glc concentration (Figure 4. 9). At the higher concentration of Cya3Glc, 

the time required for the complete disappearance of Cya3Glc was somewhere between 8 

and 24 h and therefore not observed in this experiment. Although in Figure 4. 9 there is 

only a small reduction in the rate of loss of Cya3Glc over the time of its disappearance 

(i.e., largely straight-line loss of Cya3Glc over time), at the higher concentration, the rate 

of loss or Cya3Glc noticeably slowed over the time course (Figure 4. 10).  
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Figure 4. 8. Schematic of experimental design for investigating the metabolism of black rice 

anthocyanins (Cya3Glc) by the human faecal microbiota using in-vitro human colon model. 

Black rice extract powder was incubated with live faecal slurry. Control vessel was prepared by inoculating 

sterile colon media with live-faecal inoculum and no black rice extract was added. Incubation was carried 

out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were removed at the times shown in the figure, 

mixed with 0.5 mL of 4 % v/v aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), 

analysed using HPLC-DAD to determine Cya3Glc concentration.  



 

Chapter Four 

99 

 

Incubation time (h)

C
y
a
3
G

lc
  
(

M
)

D
isa

p
p

ea
ra

n
ce (%

)

0 2 4 6 8 10 12 14 16 18 20 22 24

0

10

20

30

40

50

60

70
0

10

20

30

40

50

60

70

80

90

100

Donor 01-S1 (n=1)

Donor 04-S1 (n=1)

Theoritical
concentration (Ctheo)

Initial quantified
concentration (Cinitial)

 

 

 

Figure 4. 9. Loss of Cya3Glc during batch in vitro colon model fermentations of a black rice extract 

(Ctheo of Cya3Glc = 66.8 µM). 

Black rice extract (9 mg, containing 33.36 % w/w Cya3Glc) was dissolved in 1 mL water, filtered and 

immediately added to a colon model vessel pre-filled with sterile media (89 mL) and human faecal slurry 

(10 mL of a 10 % slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration 

of 66.80 µM (30 µg/mL). The media was also pre-equilibrated with nitrogen overnight prior to sample 

inoculation to maintain anaerobicity. Control vessels were prepared by incubating fresh faecal inoculum in 

the same colon model media but without black rice extract. Incubation was carried out at pH 6.6-7.0 and 

37°C, over 24 h with continuous nitrogen flow. Samples (0.5 mL) were collected at the times shown in the 

figure, mixed with 0.5 mL of 4 % v/v aqueous formic acid, and after sample preparation (chapter 2, section 

2.2.6) analysed using HPLC-DAD to determine the Cya3Glc concentration. The experiment was repeated 

once on a separate occasion using a stool sample from a different donor. No Cya3Glc was detected in 

control vessels lacking black rice extract (data not shown). Each donor is designated by a unique donor 

number (here donor 01 and donor 04) and the sample number indicates the distinct stool sample provided 

by a donor on a specific day; ‘sample 1’ here indicates that for both donors this was the first stool samples 

they donated that was used in the studies reported in this thesis. No Cya3Glc was detected in control vessels 

lacking black rice extract (data not shown).  
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Since there may be significant individual variations in the rate of loss of Cya3Glc, more 

sampling points at 10, 12 and 20 h were added as it was likely for Cya3Glc to fully 

disappear before the 24 h sample point.  

The time between introducing the black rice extract to the vessels and the first time point 

sample (0 h) is ranged from 1 to 3 mins. It is possible that part of Cya3Glc broke down 

immediately once black rice extract was been added as anthocyanin is extremely unstable 

in neutral pH 38,87. In addition, before introducing the black rice and inoculating the colon 

media with faecal slurry, some of the acid (HCl 0.5 M) and/or base (NaOH 0.5 M) 

solutions were added initially and automatically into vessels to normalise the colon media 

pH to 6.6-7.0 if the pH is out of this range. This addition of acid and/or base may cause 

dilution to the initial concentration of the Cya3Glc. Therefore, it was decided that the 

final volumes inside the vessels to be measured at the end of each experiment which 

would then be used to work out the total volume in the vessel and correct for this in the 

final Cya3Glc concentration at each time point. All upcoming figures will present the 

quantified concentration of Cya3Glc from the first time point sampling as 0 h samples. 

Therefore, any concentrations or rates that correlate with the initial concentration, will be 

presented in this thesis based on the initial quantified concentration (Cinitial) collected 

from sample at 0 h, not based on the theoretical concentration (Ctheo).  
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Figure 4. 10. Loss of Cya3Glc during batch in vitro colon model fermentations of a black rice 

extract (Ctheo of Cya3Glc = 133.6 µM). 

Black rice extract (18 mg, containing 33.36 % w/w Cya3Glc) was dissolved in 1 mL water, filtered and 

immediately added to a colon model vessel pre-filled with sterile media (89 mL) and human faecal slurry 

(10 mL of a 10 % slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration 

of 133.60 µM (60 µg/mL). Control vessels were prepared by incubating fresh faecal inoculum in the same 

colon model media but without black rice extract. Incubation was carried out at pH 6.6-7.0 and 37°C, over 

24 h with continuous nitrogen flow. Samples (0.5 mL) were collected at the times shown in the figure, 

mixed with 0.5 mL of 4 % v/v aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), 

analysed using HPLC-DAD to determine the Cya3Glc concentration. No Cya3Glc was detected in control 

vessels lacking black rice extract (data not shown).  
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4.4.3. The contribution of the faecal microbiota to the disappearance of 

Cya3Glc during in-vitro colon fermentation 

Having observed that Cya3Glc disappears during a 24 h incubation in a human in-vitro 

colon model, the next question that was addressed was whether this was entirely, partly 

or not at all caused by the activity of the faecal microbiota. In order to explore this, 

incubations of black rice anthocyanin extract with a human faecal inoculum were 

conducted with both fresh and autoclaved faecal slurry (Figure 4. 11), where the 

autoclaving process served to kill all the viable microorganisms in the faecal slurry and 

therefore representing spontaneous degradation. A control vessel containing non-

autoclaved faecal slurry, but no black rice extract was also included in the experimental 

design. 

No Cya3Glc was detected in any samples taken from the control vessels that had not been 

supplemented with black rice extract. In the vessels supplemented with black rice extract, 

Cya3Glc was detected in the 0 h timepoint samples at 109 ± 17.1 and 110.2 ± 6.1 µM 

concentration in vessels containing fresh faecal slurry and autoclaved faecal slurry, 

respectively (Figure 4. 12). Compared to the initial Ctheo of Cya3Glc (133.36 µM), the 

Cinitial of Cya3Glc were significantly lower, with 18.4 % and 17.5 % reduction in fresh 

faecal slurry and autoclaved faecal slurry, respectively. 

In the vessels containing live faecal microbiota, Cya3Glc declined over the time course 

with an initial rate of 16.8 ± 7.8 µM/h over the first 2 h. In contrast, in vessels containing 

autoclaved faecal slurry, Cya3Glc declined at a significantly slower rate (12.7 ± 5.2 µM/h 

over the first 2 h) compared to similar vessels containing live faecal microbiota. In 

addition, at 24 h time point sample, Cya3Glc was detectable at 30.8 ± 27.3 µM in samples 

taken from vessels containing autoclaved faecal slurry, whereas Cya3Glc was not 

detectable in any samples taken after 8 h from vessels containing live faecal microbiota. 

These data demonstrate that the disappearance of Cya3Glc (the black rice anthocyanin) 

incubated anaerobically at pH 6.6-7.0, 37°C and in the presence of live faecal microbiota 

is partly microbiota-dependent and partly not due to the activity of the faecal microbiota. 

It is widely known that anthocyanins are not stable at near neutral pH 38 and the non-
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microbiota-dependent components of Cya3Glc disappearance likely reflect chemical 

instability and will be referred to “spontaneous degradation”. 

 

Figure 4. 11. Schematic of experimental design for investigating the difference between the 

spontaneous and the gut microbiota-dependent degradations of black rice anthocyanins (Cya3Glc) 

using in-vitro human colon model. 

Black rice extract powder was incubated with live faecal slurry and separately with autoclaved faecal slurry. 

Control vessel was prepared by inoculating sterile colon media with live-faecal inoculum and no black rice 

extract was added. Incubation was carried out at pH 6.6-7.0 and 37°C, over 24 h with continuous nitrogen 

flow. Samples (0.5 mL) were removed at the times shown in the figure, mixed with 0.5 mL of 4 % v/v 

aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD 

to determine Cya3Glc concentration.  
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Figure 4. 12. Loss of black rice anthocyanins (Ctheo of Cya3Glc = 133.6 µM) over time was partly 

spontaneous and partly due to gut microbiota. 

Black rice extract (18 mg, containing 33.36 % w/w Cya3Glc) was dissolved in 1 mL water, filtered and 

immediately added to colon model vessels pre-filled with sterile media (89 mL) and human faecal slurry 

(10 mL of a 10 % slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration 

of 133.60 µM (60 µg/mL). Similar vessels were prepared but containing autoclaved faecal slurry rather 

than fresh faecal slurry. Control vessels contained fresh faecal inoculum and media, but no black rice 

extract. Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected 

at the times shown in the figure, mixed with 0.5 mL of 4 % v/v aqueous formic acid, and after sample 

preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD to determine the Cya3Glc concentration. 

The data shown are for 3 replicate incubations for each condition using a single donor faecal sample: donor 

01 – S3 (n=1), donor 02 – S1 (n=1), and donor 05 – S2 (n=1). No Cya3Glc was detected in control vessels 

lacking black rice extract (data not shown). Values represent means ± SD. Statistical analysis was carried 

out with one-way ANOVA with Tukey multiple comparisons for each time point and **** p < 0.0001; *** 

p < 0.001, ** p < 0.01, * p < 0.05.  
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4.4.4. The disappearance of Cya3Glc in a simple anaerobic cabinet 

stirred vessel human colon model that is not pH controlled   

Setting up the batch colon model is laborious and time-consuming and as such, it is 

difficult to carry our technical replicates in the same donor or different donors. However, 

in order to do more experiments with more replicates, a simple model for investigating 

the disappearance of black rice anthocyanin (Cya3Glc) by the human faecal microbiota 

was tried. Simple human-colon stirred vessels, which are not pH controlled, were placed 

in an anaerobic cabinet where black rice extract was incubated in the presence of fresh 

human faecal slurry. In addition, black rice extract was incubated with autoclaved faecal 

slurry. Control vessels were inoculated with human fresh faecal slurry and no black rice 

extract was introduced.  

Cya3Glc was detected in samples collected from vessels treated with black rice extract, 

whereas no Cya3Glc was detected in control vessels. Cya3Glc was quantified with a 

significantly lower concentration than the Ctheo (133.36 µM). The Cinitial of Cya3Glc at 0 

h time point was 84.5 ± 5.8 µM in the presence of live faecal microbiota and 91.5 ± 4.5 

µM in the presence of autoclave faecal slurry. These data showed that the black rice 

anthocyanin recovery is not the same from samples inoculated with live faecal slurry and 

samples inoculated with autoclaved faecal slurry. However, at 2 h incubation, the 

disappearance rate of Cya3Glc in the presence of live faecal microbiota was 13.3 ± 4.3 

µM/h, whereas the spontaneous degradation of Cya3Glc in the presence of autoclaved 

faecal microbiota was 5.2 ± 2.1 µM/h (Figure 4. 13). 

In comparison to the pH-controlled colon model (Figure 4. 12), Cya3Glc declined at a 

slower rate when the uncontrolled pH colon model was used (Figure 4. 13). For example, 

in the presence of live faecal microbiota, Cya3Glc fully disappeared after at 8 h incubation 

in the samples taken from pH-controlled colon vessels, whereas 22.6 µM of Cya3Glc 

remained (27 % of the initial quantified Cya3Glc) after 24 h incubation in the absence of 

pH control. Similarly, with autoclaved faecal microbiota, Cya3Glc declined faster when 

the incubation occurred in the presence of pH controlled (70 % disappeared at 24 h 

incubation) than with no controlled pH fermentation (38 % disappeared at 24 h 

incubation). 
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Figure 4. 13. Loss of black rice anthocyanin (Ctheo of Cya3Glc = 133.60 µM) using uncontrolled pH 

model. 

Black rice extract (9 mg, containing 33.36 % w/w Cya3Glc) was dissolved in 1 mL water, filtered and 

immediately added to a colon vessel pre-filled with sterile media (44 mL) and human faecal slurry (5 mL 

of a 10 % slurry from a fresh stool) to give a final volume of 50 mL and a Cya3Glc concentration of 133.60 

µM (60 µg/mL). Control vessels were prepared by incubating fresh faecal inoculum in the same media but 

without black rice extract. Control vessels were prepared by incubating autoclaved faecal samples. 

Incubation was carried out anaerobically at 37°C, over 24 h. Samples (0.5 mL) were collected at the times 

shown in the figure, mixed with 0.5 mL of 4 % v/v aqueous formic acid, and after sample preparation 

(chapter 2, section 2.2.6), analysed using HPLC-DAD to determine the Cya3Glc concentration. No 

Cya3Glc was detected in control vessels lacking black rice extract (data not shown). The data shown are 

for 3 replicate incubations for each condition using a single donor faecal sample: donor 01 – S4 (n=1), 

donor 05 – S2 (n=1), and donor 05 – S3 (n=1). Values represent means ± SD. Statistical analysis was carried 

out with one-way ANOVA with Tukey multiple comparisons for each time point and **** p < 0.0001; *** 

p < 0.001, ** p < 0.01, * p < 0.05. 
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4.4.5. The intra-individual variations in the disappearance of Cya3Glc 

incubated in the in-vitro colon model fermentations. 

Having observed that (i) the disappearance of black rice anthocyanin (Cya3Glc) is partly 

spontaneous and partly driven by faecal microbiota, and (ii) controlling the colon 

fermentation pH is a critical factor for investigating anthocyanin metabolism by the 

human gut microbiota, the next step was to investigate whether these processes vary 

within an individual (i.e., between stool samples collected at different times from the 

same individual). In order to do this, three different samples (S5, S6, and S7) were 

collected from donor 01 on different days and were incubated separately with black rice 

extract (Cya3Glc) using the pH-controlled batch colon model. Control vessels were 

carried out by inoculating the colon media with fresh faecal slurry, but no black rice 

extract was added. 

No Cya3Glc was detected in samples collected from control vessels. In the black rice-

treated vessels, Cya3Glc was detected in the 0 h samples with lower concentrations than 

the Ctheo (133.4 µM). At 0 h incubation and in comparison, to vessels inoculated with live 

gut microbiota, the Cinitial Cya3Glc from 0 h samples incubated with autoclaved faecal 

microbiota was slightly higher with an average of 116.4 ± 10.3 but it was 102.4 ± 3.9 µM 

in the presence of live faecal slurry (Figure 4. 14). 

However, the average initial disappearance rate (over the first 2 h) of Cya3Glc in the 

presence of live faecal microbiota was faster (23.2 ± 2.4 µM/h) than the Cya3Glc 

incubated with autoclaved faecal microbiota (7.9 ± 6.5 µM/h) (Figure 4. 14B). In 

addition, no Cya3Glc was detected after 6 h in samples which were incubated with live 

faecal microbiota from S5 and S6, while only a very low concentration of Cya3Glc (2.3 

µM) was detected in the 8 h sample from donor sample S7.  

Conversely, Cya3Glc was detectable in all samples collected over the 24 h incubation 

from vessels that included autoclaved stool samples. However, the initial quantified 

concentration of Cya3Glc in samples inoculated with autoclaved stool samples from S6 

and S7 was almost the same (110.7 µM with S6 and 110.3 µM with S7), and the initial 
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spontaneous kdeg for Cya3Glc was slightly different in the first 2 h to give initial 

spontaneous kdeg of 7.4 µM/h for S6 and 11.4 µM/h for S7.  

Later at 24 h incubation, the difference in Cya3Glc concentration in both vessels treated 

with autoclaved stools from S6 and S7 was significantly different (55.5 µM for S7 and 

26.5 µM for S6.), but the overall spontaneous kdeg over the 24 h of incubation was quite 

similar (2.2 µM/1h for S6 and 2.3 µM/1h for S7). On the other hand, comparing the 

spontaneous degradation between S5 and S6, the initial spontaneous kdeg after 2 h 

incubation was 7.4 µM/1h and 11.4 µM/1h for S5 and S6, respectively. However, after 

24 h incubation, the overall spontaneous kdeg was more similar to the initial rate of 2.3 

µM/1h and 3.5 µM/1h, respectively.  
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Figure 4. 14. Intra-individual variations in the loss of black rice anthocyanins (Ctheo of Cya3Glc 133.6 µM) over 24 h. 

Black rice extract (18 mg, containing 33.36 % w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to a colon model vessel pre-

filled with sterile media (89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc 

concentration of 133.60 µM (60 µg/mL). Control vessels were prepared by incubating fresh faecal inoculum in the same colon model media but without 

black rice extract. Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the figure, 

mixed with 0.5 mL of 4 % v/v aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD to determine the 

Cya3Glc concentration. No Cya3Glc was detected in control vessels lacking black rice extract (data not shown). The experiments were carried out by 

using three different faecal samples from the same donor in separate experiments. A, data from each donor are presented as one replicate (n=1). B, data 

from the three donors are presented as triplicates (n=3) and values are represented as means ± SD. Statistical analysis was carried out with one-way ANOVA 

with Tukey multiple comparisons for each time point and **** p < 0.0001; *** p < 0.001, ** p < 0.01, * p < 0.05. 
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4.4.6. The inter-individual variations in the disappearance of black rice 

Cya3Glc incubated in the in-vitro colon model fermentations. 

Next, the inter-individual variations in the disappearance of Cya3Glc, the main black rice 

anthocyanin, were investigated. In order to investigate this, stool samples were collected 

from three different donors (Donor 01-S8, 07-S1, and 08-S2) on the same day and faecal 

slurries were immediately prepared from each of the three stool samples. Each faecal 

slurry was used to inoculate three different vessels that were treated with the same amount 

of black rice extract (n=3). In addition, one control vessel was prepared for each donor 

where the vessel was inoculated with live faecal slurry, but no black rice was introduced. 

The incubations for all vessels were carried out using a pH-controlled batch colon model 

over 24 h.  

No Cya3Glc was detected in samples collected from control vessels whereas Cya3Glc 

was detected in samples collected from black-rice-treated vessels. Cya3Glc was detected 

in 0 h samples at lower concentrations (mean=106.2 µM for donor 01, 105.7 µM for donor 

07, and 104.5 µM for donor 08) than the theoretical concentration (133.4 µM) (Figure 4. 

15). In addition, no Cya3Glc was detected after 6 h in the samples incubated with live 

faecal microbiota from S5 and S6, while only a small concentration of Cya3Glc was 

detectable (mean=2.3 µM) after 8 h in the samples from incubations with donor 07. 

The initial rate was calculated for the first 2 h for the three donors, which showed there 

were significant differences between donor 07 (kdeg 20.9 ± 1.0 µM/h) compared to donor 

01 (kdeg 11.2 ± 2.8 µM/h) or donor 08 (kdeg 7.3 ± 1.8 µM/h)  but no significant difference 

was shown between donor 07 and donor 08 (Figure 4. 15). Cya3Glc had completely 

disappeared from 8 h samples incubated with live faecal microbiota from donor 07. In 

contrast, Cya3Glc was detectable until 10 h incubation in samples from both donor 01 

and donor 08. However, there was no significant difference between all donors between 

8 h and 24 h.  
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Figure 4. 15. Inter-individual variations in the loss of black rice anthocyanins (Ctheo of Cya3Glc 

133.6 µM) over 24 h incubated with fresh faecal microbiota. 

Black rice extract (18 mg, containing 33.36 % w/w Cya3Glc) was dissolved in 1 mL water, filtered and 

immediately added to a colon model vessel pre-filled with sterile media (89 mL) and human faecal slurry 

(10 mL of a 10 % slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration 

of 133.60 µM (60 µg/mL). Control vessels were prepared by incubating fresh faecal inoculum in the same 

colon model media but without black rice extract. Incubation was carried out at pH 6.6-7.0 and 37°C, over 

24 h. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4 % v/v 

aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD 

to determine the Cya3Glc concentration. No Cya3Glc was detected in control vessels lacking black rice 

extract (data not shown). The experiments were carried out by using three different faecal samples from 

different donors. Each faecal sample was incubated in triplicates. Values represent means ± SD. Statistical 

analysis was carried out with one-way ANOVA with Tukey multiple comparisons for each time point and 

**** p < 0.0001; *** p < 0.001, ** p < 0.01, * p < 0.05. 
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4.4.7. Assessment of the feasibility and viability of micro-organisms 

when using glycerol-frozen faecal stocks for investigating the disappearance 

of Cya3Glc during colonic fermentation. 

Having demonstrated intra- and inter-individual variations on the disappearance of black 

rice anthocyanins by human faecal microbiota and, next, the feasibility and viability of 

microorganisms when using the same stool samples on different occasions to obtain more 

replicates, using glycerol-frozen faecal stocks was assessed. In addition, the use of 

glycerol stocks would be important when investigating a large number of samples from 

clinical trials where the capability to metabolise anthocyanins is investigated in frozen 

faecal samples. Glycerol-frozen faecal stocks were inoculated into the in-vitro colon 

model vessels to examine the microbial ability to metabolise anthocyanins. Two 

experiments were conducted using frozen-faecal glycerol stocks which are prepared 

previously from a fresh faecal sample donated by donor 01-S5. The prepared glycerol-

frozen faecal stock contains 37.5 % w/w faecal, 25 % v/v glycerol, and 37.5 % v/v 

phosphate buffer (BPS) (Chapter 2, section 2.2.3). The first experiment was carried out 

by thawing the glycerol-frozen stock at room temperature for 30 mins (Figure 4. 16A). 

Then, 2.9 mL of glycerol-frozen faecal stock was used to inoculate the colon vessel. 

Another 2.9 mL was autoclaved and then added to another vessel to investigate the 

spontaneous degradation. The experiment was carried out in triplicates. The second 

experiment was carried out the same way and glycerol-frozen faecal stock from donor 

01-S5 was also used to inoculate the colon vessels, but the glycerol-frozen faecal stock 

was incubated in the anaerobic cabinet for 1 h at 37˚C before being added to the colon 

vessels (Figure 4. 16B). Control vessels were also set up for both experiments A and B, 

inoculated with live glycerol faecal stock with colon media, but no black rice extract was 

added.  
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Figure 4. 16. Loss of black rice anthocyanins (Ctheo of Cya3Glc 133.6 µM) over 24 h fermentations using glycerol-frozen faecal stock.   

Black rice extract (18 mg, containing 33.36 % w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to a colon model vessel pre-filled with sterile 

media (96.4 mL) and glycerol-frozen faecal stocks (2.6 mL of a 37 % stool sample) to give a final volume of 100 mL, 1 % faecal sample, and a Cya3Glc concentration 

of 133.60 µM (60 µg/mL). Control vessels were prepared by incubating glycerol-frozen faecal stock in the same colon media but without black rice extract. Incubations 

were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4 % v/v aqueous formic 

acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD to determine the Cya3Glc concentration. No Cya3Glc was detected in control 

vessels lacking black rice extract (data not shown). Glycerol-frozen faecal stock was previously prepared using a fresh faecal sample collected from different donors. A, 

the glycerol-frozen faecal stock (faecal sample from donor 01-S5) was thawed for 30 min at room temperature before inoculating the vessels (n=3). B, the glycerol-

frozen faecal stocks (faecal samples from donors 01-S1 (n=1), 01-S5 (n=3), and 03-S3 (n=1)) were incubated in the anaerobic cabinet at 37°C for 1 h before the inoculation 

(n=5). Values represent means ± SD. Statistical analysis was carried out with one-way ANOVA with Tukey multiple comparisons for each time point and **** p < 

0.0001; *** p < 0.001, ** p < 0.01, * p < 0.05. 
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In experiment A or B, no Cya3Glc was detected in control vessels and only detected in 

the samples collected from vessels incubated with black rice extract (Figure 4. 16). 

However, Cya3Glc declined faster in the presence of live glycerol faecal microbiota. In 

contrast, in the presence of autoclaved glycerol faecal microbiota, the Cya3Glc declined 

at a slower rate. Comparing the rate of loss over the first 2 h, no significant difference 

between the initial kdeg n rate in the presence of live faecal microbiota (13.5 ± 4.2 µM/h ) 

and the presence of autoclaved faecal microbiota (14.9 ± 3.4 µM/h ) when the glycerol-

frozen faecal stock was thawed at room temperature for 30 min before the inoculation; 

whereas, the kdeg was significantly different with 23.1 ± 7.9 µM/h and 11.3 ± 7.3 µM/h 

when the glycerol-frozen faecal stock was incubated anaerobically for 1 h at 37°C.  
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4.4.8. Disappearance of a mixture of fifteen bilberry anthocyanins during 

the human in-vitro colonic fermentation 

In the previous sections, the metabolism of a purified black rice anthocyanin powder that 

contained one dominant anthocyanin (Cya3Glc; 87 % of total anthocyanins), was 

investigated. Here, experiments were conducted using a highly purified anthocyanin 

extract obtained from bilberries (Vaccinium myrtillus) which has a much more complex 

anthocyanin profile. Anthocyanins in the bilberry extract powder were characterised and 

reported previously described in this chapter (Section 4.4.1). The analysis results showed 

that the bilberry extract powder contained 15 different types of anthocyanins. Although 

one anthocyanin was only present at trace levels, the other 14 anthocyanins in the bilberry 

extract were all present in appreciable amounts and were quantified (Figure 4. 7) The 

detected aglycone moieties (anthocyanidins) in bilberry extract were cyanidin, 

delphinidin, petunidin, peonidin, and malvidin. All of these were present as 

anthocyanidin-3-monosaccharides where the sugar moiety was either glucose, galactose, 

or arabinose. The result showed that the total anthocyanins in bilberry extract powder 

were 262.9 ± 5.5 mg (g dry weight)-1 (Table 4. 3). 

The different anthocyanins present at different concentrations in the bilberry extract 

powder indicate that the bilberry extract powder provides a good example for 

investigating the metabolism of multi-type anthocyanin sources and/or a mixture of 

anthocyanins by the human gut microbiota. In order to investigate this, bilberry 

anthocyanin extract was incubated with both fresh faecal slurry and autoclaved faecal 

slurry. The experiment was carried out by using 5 different fresh faecal stools donated by 

donors 01 (n=1), 03 (n=2), and 06 (n=2). Control vessels containing non-autoclaved 

faecal slurry were carried out with no black rice extract introduced (Figure 4. 17). 

No anthocyanins were detected in control vessels. But all 14 types of bilberry 

anthocyanins were detected in samples collected from vessels which were treated with 

bilberry extract (Figure 4. 18). The total quantified the concentration of bilberry 

anthocyanins at 0 h was 187.9 ± 42.5 µM in the presence of live faecal microbiota. In the 

presence of autoclaved faecal microbiota, the initial quantified concentration was 

203.9  ± 27.6 µM (Figure 4. 18B). The total bilberry anthocyanins declined faster in the 
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presence of live faecal microbiota with an initial rate of 42.8 ± 12.7 µM/h, whereas in the 

presence of autoclaved faecal microbiota, the disappearance rate was slower with the 

initial spontaneous kdeg of 27.6 ± 11.4 µM/h. 

Only with live faecal samples from donor 03 (n=2), had the anthocyanins fully 

disappeared by the 6 h time point. However, the initial kdeg from the same donor but 

different faecal samples (S1 and S6) was significantly different.  On the other hand, with 

faecal samples from donor 06 (n=2), the bilberry anthocyanins fully disappeared at 12 h 

incubation in sample S1, but very small quantities of anthocyanins remained until 24 h 

incubation. The same was observed with donor 01-S9, small concentrations of bilberry 

anthocyanins remained, and they were detected in samples collected at 24 h incubation. 

Previously black rice anthocyanins disappeared completely between 6 and 12 h in the 

presence of live microbiota (Figure 4. 14), but in some cases with bilberry, anthocyanins 

were observed even at 24 h. Two reasons may explain this, the initial concentration in 

bilberry was much higher and different types of anthocyanins were present in bilberry 

rather than just one major anthocyanin in black rice (Cya3Glc). 
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Figure 4. 17. Schematic of experimental design for the metabolism of bilberry anthocyanins by the 

human faecal microbiota using in-vitro human colon model fermentation. 

Bilberry extract powder was incubated with live faecal slurry and separately with autoclaved faecal slurry. 

Control vessel was prepared by inoculating sterile colon media with live-faecal inoculum and no bilberry 

extract was added. Incubation was carried out at pH 6.6-7.0 and 37°C, over 24 h with a continuous nitrogen 

flow. Samples (0.5 mL) were removed at the times shown in the figure, mixed with 0.5 mL of 4 % v/v 

aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD 

to determine the concentrations of the 14 anthocyanins. 
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Figure 4. 18. Loss of bilberry anthocyanins (Ctheo of total anthocyanins = 265 µM) over 24 h. 

Bilberry extract (46 mg, containing 26.2 % w/w anthocyanins) was dissolved in 1 mL water, filtered and immediately added to a colon model vessel pre-filled with sterile 

media (89 mL) and fresh human faecal slurry (10 mL of a 10 % slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin concentration of 265 

µM (120 µg/mL). Another vessel was prepared in the same way but inoculated with autoclaved faecal slurry. Control vessels were prepared by incubating fresh faecal 

inoculum in the same media but without bilberry extract. Incubations were carried out at pH 6.6-7.0 and 37°C with continuous nitrogen flow. Samples (0.5 mL) were 

removed at the times shown in the figure, mixed with 0.5 mL of 4 % v/v aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6analysed using HPLC-

DAD to determine the concentrations of the 14 anthocyanins. No anthocyanins were detected in control vessels lacking bilberry extract (data not shown). The data shown 

are 5 replicates using donor faecal samples from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). A, represent separate experiments for the loss of bilberry anthocyanin 

in the presence of live faecal microbiota with each donor. B, represent the loss of bilberry anthocyanins for all donors (n=5) in the presence of live faecal microbiota and 

autoclaved faecal slurry; values represent as means ± SD. Statistical analysis was carried out with one-way ANOVA with Tukey multiple comparisons for each time 

point and **** p < 0.0001; *** p < 0.001, ** p < 0.01, * p < 0.05. 
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4.4.9. The effect of anthocyanidin B-ring and the conjugated sugars on 

the disappearance of anthocyanins during colonic fermentation. 

Having investigated the metabolism of the total anthocyanins of bilberry by the human 

faecal microbiota and the differences in kdeg between the spontaneous and the gut 

microbiota-dependent, the same data from the experiment described in the previous 

section (Section 4.5.8) was used again but with the 14 individual anthocyanins in bilberry 

extract being plotted separately to observe the variations between them in terms of rates 

of decline. Because the 14 individual anthocyanins in bilberry extract were present at 

different concentrations, the data for each anthocyanin was normalised to 100 % (i.e., all 

the individual anthocyanins started at 100 %). The comparison was carried out for the 

first 8 h of incubation where most of the anthocyanins were still detected in the collected 

samples. 

The data in this section showed that the initial kdeg varied between anthocyanins in both 

gut microbiota-dependent (Figure 4. 19) and spontaneous degradation (Figure 4. 22). In 

the presence of live gut microbiota, the nature of aglycone moieties showed to play a role 

in anthocyanin stability against the activity of faecal microbiota (Figure 4. 20). For 

example, Del3Gal and Cya3Gal showed a high kdeg after 2 h incubation, whereas the 

Mal3Ara showed not only the slowest initial kdeg but also the slowest overall kdeg in the 

first 8 h of incubation.  All peonidin (Peo) anthocyanins showed medium initial kdeg in 

the first 2 h, however, but also later they showed faster kdeg than other anthocyanins at 6 

and 8 h incubation. All Del-based anthocyanins showed a higher kdeg compared with other 

aglycones. Malvidin, however, showed the highest stability in the presence of live faecal 

microbiota. Therefore, in the presence of live faecal microbiota, Del3Gal was the least 

stable/most rapidly degraded bilberry anthocyanin while Mal3Ara was the most 

stable/least rapidly degraded bilberry anthocyanin.  

Different sugar moieties on the anthocyanins also appeared to affect anthocyanin stability 

in the presence of live gut microbiota (Figure 4. 21). For example, within the same 

aglycone (i.e., Cya), galactose increased the kdeg of the whole molecule of anthocyanins 

(Cya3Gal), whereas arabinose moiety increased the anthocyanin stability against the 
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faecal microbiota activity. This may be because there is a difference in the ability of faecal 

microbiota to hydrolyse arabinose compared to galactose. 
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Figure 4. 19. Loss of individual bilberry anthocyanins over the first 8 h in the presence of live faecal 

microbiota. 

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and 

immediately added to a colon vessel pre-filled with sterile media (89 mL) and human faecal slurry (10 mL 

of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin concentration 

of 265 µM (120 µg/mL). Incubations were carried out at pH 6.6-7.0 and 37°C with continuous nitrogen 

flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v 

aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD 

to determine the concentrations of the 14 individual anthocyanins. All concentrations were normalised to 

100% of the initial quantified concentration at 0 h. The data shown are 5 replicates using donor faecal 

samples from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means ± SD.  
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Figure 4. 20. Effect of B-ring on the loss of bilberry anthocyanins which are attached to the same 

sugar moiety (Galactose (Gal), glucose (Glc) or arabinose (Ara)) over the first 8 h in the presence of 

live faecal microbiota. 

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and 

immediately added to a colon vessel pre-filled with sterile media (89 mL) and human faecal slurry (10 mL 

of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin concentration 

of 265 µM (120 µg/mL). Incubations were carried out at pH 6.6-7.0 and 37°C with continuous nitrogen 

flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v 

aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD 

to determine the concentrations of 14 individual anthocyanins. All concentrations were normalised to 100% 

of the initial quantified concentration at 0 h. The data shown are 5 replicates using donor faecal samples 

from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means ± SD. A, loss of bilberry 

anthocyanins conjugated with galactose. B, loss of bilberry anthocyanins conjugated with glucose. C, loss 

of bilberry anthocyanins conjugated with arabinose.  

 

  



 

Chapter Four 

122 

 

Incubation time (h)

D
is

a
p

p
er

a
n

ce
 (

%
)

0 2 4 6 8

0

10

20

30

40

50

60

70

80

90

100
Cya3Gal (n=5)
Cya3Glc (n=5)
Cya3Ara (n=5)

A

Incubation time (h)
D

is
a
p

p
er

a
n

ce
 (

%
)

0 2 4 6 8

0

10

20

30

40

50

60

70

80

90

100
Del3Gal (n=5)
Del3Glc (n=5)
Del3Ara (n=5)

B

Incubation time (h)

D
is

a
p

p
er

a
n

ce
 (

%
)

0 2 4 6 8

0

10

20

30

40

50

60

70

80

90

100
Pet3Glc (n=5)
Pet3Ara (n=5)

C

Incubation time (h)

D
is

a
p

p
e
ra

n
ce

 (
%

)

0 2 4 6 8

0

10

20

30

40

50

60

70

80

90

100
Peo3Gal (n=5)
Peo3Glc (n=5)
Peo3Ara (n=5)

D

Incubation time (h)

D
is

a
p

p
e
ra

n
ce

 (
%

)

0 2 4 6 8

0

10

20

30

40

50

60

70

80

90

100
Mal3Gal (n=5)
Mal3Glc (n=5)
Mal3Ara (n=5)

E

 

Figure 4. 21. Effects of different sugar substitutions (Galactose (Gal), glucose (Glc) or arabinose 

(Ara)) on the loss of individual bilberry anthocyanins over the first 8 h in the presence of live faecal 

microbiota. 

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and 

immediately added to a colon vessel pre-filled with sterile media (89 mL) and human faecal slurry (10 mL 

of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin concentration 

of 265 µM (120 µg/mL). Incubations were carried out at pH 6.6-7.0 and 37°C with continuous nitrogen 

flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v 

aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD 

to determine the 14 individual anthocyanin concentrations. All concentrations were normalised to 100% of 

the initial quantified concentration at 0 h. The data shown are 5 replicates using donor faecal samples from 

donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means ± SD. A, loss of the cyanidins of 

bilberry anthocyanins. B, loss of the delphinidins of bilberry anthocyanins. C, loss of the petunidins of 

bilberry anthocyanins. D, loss of the peonidins of bilberry anthocyanins. E, loss of the malvidins of bilberry 

anthocyanins. 
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In the presence of autoclaved faecal slurries, there were differences in the initial kdeg 

between bilberry anthocyanins over the 2 h incubation period and the overall degradation 

was consistent with the initial rates of decline (Figure 4. 22). For example, the Del-based 

anthocyanins showed higher rates of decline in the first 2 h, and they kept a constant rate 

of decline with the highest rate of degradation over the 8 h. In addition, there were no 

significant differences in the kdeg within the same aglycone anthocyanins but have 

different sugar moieties (Figure 4. 24).  However, the kdeg differences were based on the 

aglycone, not on the sugar moieties (Figure 4. 23). 
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Figure 4. 22. Loss of individual bilberry anthocyanins over the first 8 h in the presence of 

autoclaved faecal microbiota. 

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and 

immediately added to a colon vessel pre-filled with 89 mL sterile media and 10 mL autoclaved faecal slurry 

(10% from a fresh stool) to give a final volume of 100 mL and a total anthocyanin concentration of 265 

µM (120 µg/mL). Incubations were carried out at pH 6.6-7.0 and 37°C with continuous nitrogen flow. 

Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous 

formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD to 

determine the concentrations of 14 individual anthocyanins. All concentrations were normalised to 100% 

of the initial quantified concentration at 0 h. The data shown are 5 replicates using donor faecal samples 

from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means ± SD.   
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Figure 4. 23. Loss of individual bilberry anthocyanins over the first 8 h in the presence of 

autoclaved faecal microbiota. 

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and 

immediately added to a colon vessel pre-filled with sterile media (89 mL) and autoclaved human faecal 

slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin 

concentration of 265 µM (120 µg/mL). Incubations were carried out at pH 6.6-7.0 and 37°C with continuous 

nitrogen flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% 

v/v aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-

DAD to determine the concentrations of the 14 individual anthocyanins. All concentrations were 

normalised to 100% of the initial quantified concentration at 0 h. The data shown are 5 replicates using 

donor faecal samples from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means ± SD. 

A, loss of bilberry anthocyanins conjugated with galactose. B, loss of bilberry anthocyanins conjugated 

with glucose. C, loss of bilberry anthocyanins conjugated with arabinose. 
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Figure 4. 24. Effects of different sugar substitutions (Galactose (Gal), glucose (Glc) or arabinose 

(Ara)) on the loss of individual bilberry anthocyanins over the first 8 h in the absence of autoclaved 

faecal microbiota. 

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and 

immediately added to a colon vessel pre-filled with sterile media (89 mL) and autoclaved human faecal 

slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin 

concentration of 265 µM (120 µg/mL). Incubations were carried out at pH 6.6-7.0 and 37°C with continuous 

nitrogen flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% 

v/v aqueous formic acid, and after sample preparation (chapter 2, section 2.2.6), analysed using HPLC-

DAD to determine the concentrations of the 14 individual anthocyanins. All concentrations were 

normalised to 100% of the initial quantified concentration at 0 h. The data shown are 5 replicates using 

donor faecal samples from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means ± SD. 

A, loss of the cyanidins of bilberry anthocyanins. B, loss of the delphinidins of bilberry anthocyanins. C, 

loss of the petunidins of bilberry anthocyanins. D, loss of the peonidins of bilberry anthocyanins. E, loss of 

the malvidins of bilberry anthocyanins.  
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On the other hand, in the absence of any faecal materials, the initial kdeg between bilberry 

anthocyanins at 2 h showed different rates, whereas the overall kdeg showed a constant 

kdeg for each anthocyanin over the different time points, except for peonidins showed 

lower kdeg after 2 h (Figure 4. 25). This contrasts with the anthocyanins incubated with 

autoclaved samples which showed relatively higher kdeg in the first 2 h compared to 4, 6, 

and 8 h time points. This suggests that faecal material affects the kdeg of anthocyanins  

 

 

Figure 4. 25. Loss of individual bilberry anthocyanins over the first 8 h only incubated with sterile 

colon media. 

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and 

immediately added to a colon vessel pre-filled with 89 mL sterile media and 10 mL sterile PBS to give a 

final volume of 100 mL and a total anthocyanin concentration of 265 µM (120 µg/mL). Incubations were 

carried out at pH 6.6-7.0 and 37°C with a continuous nitrogen flow. Samples (0.5 mL) were collected at 

the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample 

preparation (chapter 2, section 2.2.6), analysed using HPLC-DAD to determine the concentrations of the 

14 individual anthocyanins. All concentrations were normalised to 100% of the initial quantified 

concentration at 0 h. The data shown are 2 replicates using donor faecal samples from donor 01- S9 (n=1) 

and donor 03- S2 (n=1). Values represent means ± SD.  
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4.5. Discussion 

The overall aim of the research described in this chapter was to investigate the metabolism 

of anthocyanins by the human gut microbiota. In this study, a human in-vitro batch colon 

model was used to incubate and then monitor the rate of loss of anthocyanins. The 

approaches were to measure the rates of loss of anthocyanins in the presence as well as 

in absence of live faecal microbiota, to observe variations in the rate of loss of 

anthocyanin within a person and within individuals, and to relate the rate of loss of 

anthocyanins to their chemical structures. This was done with a view to furthering our 

understanding of the metabolism of dietary anthocyanins by the human gut microbiota.  

The main findings were that (i) anthocyanins are degraded partly spontaneously and 

partly due to the activity of faecal microbiota, (ii) the rate of loss of anthocyanins varied 

between donors but also (iii) varied between faecal samples collected from the same 

donor but on different occasions, (iv) the B-ring structures and the type of sugar moiety 

affected the rate of degradation via both the spontaneous and the gut microbiota-

dependent routes, (v) controlling the colonic fermentation pH significantly influenced the 

rate of loss of both spontaneous and gut microbiota-dependent degradations, and (vi) it 

was feasible to use a glycerol-frozen faecal stock to investigate the gut microbial 

metabolism of anthocyanins, with the advantage of reducing the intra-individual variation 

by using the same faecal sample for multiple experiments.   

It was demonstrated for the first time in this project that the incubated anthocyanins at 

physiological range of the human large intestine disappear partly due to a spontaneous 

process (not requiring live faecal microbiota) and partly due to gut microbiota activity. 

There are only a few reports of the microbial metabolism of anthocyanins by the gut 

microbiota. Most of these studies have not considered the potential contribution of 

spontaneous degradation on anthocyanin disappearance. In line with previous reports, 

however, the disappearance of anthocyanins occurred faster in the presence of live gut 

microflora than in incubating anthocyanins without faecal samples. Some of these studies 

prepared the inoculum from animal gut microflora such as using the content of the large 

intestine of slaughtered pigs 89,96 or faeces from germ-free rats 240, but the majority of 

these studies have also used human faecal samples 88,91,166,173,174,177. In addition, a few 
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reports describe experiments using isolated bacterial strains which are commonly found 

in the human gut such as Bifidobacteria sp. and Lactobacillus sp. 93, and Actobacillus 

acidophilus GIM 1.83 and Lactobacillus bulgaricus GIM 176. 

In the presence of live faecal microbiota, Aura and others reported that from an initial 

concentration of 100 µM, Cya3Glc was fully degraded within 2 h when incubation was 

carried out in the presence of active gut flora173. However, Hanske and others showed that 

only 10 % of the initial concentration of Cya3Glc (100 µM) disappeared within 2 h in the 

presence of live faecal slurry 88. Fleschhut and others also reported that after 2 h 

incubation with live faecal suspension, less than 10 % of the initial concentration of a 

mixture of Cya3Glc, Mal3Glc, and Peo3Glc remained 91. The current study is novel in 

that the rate of anthocyanin disappearance was determined in both the presence and 

absence of live microbiota. While consistent with previous studies that anthocyanins are 

degraded faster in the presence of the gut microbiota, here it is further demonstrated that 

the rate of disappearance depends on the initial concentrations. 

The novelty of the data in this chapter is that there are significant differences in the kdeg 

of anthocyanins in the presence and absence of live faecal microbiota. This was important 

to determine the contribution of gut microbiota in anthocyanin degradation compared 

with spontaneous degradation of anthocyanins. For example, although the disappearance 

rate was shown to be faster in the presence of live faecal microbiota, the spontaneous 

degradation of anthocyanin occurred and partly contributed to anthocyanin degradation. 

In addition, the Cinitial of anthocyanin was shown to affect the kdeg in the presence of live 

faecal microbiota. For example, the kdeg was faster when the Cinitial of Cya3Glc was 66.8 

µM compared to 133.3 µM (Figure 4. 9 and Figure 4. 10). Furthermore, black rice 

anthocyanin or bilberry anthocyanins fully disappeared between 6 -12 h in the presence 

of live faecal gut microbiota, while in literature, the complete disappearance of 

anthocyanins required less time. For example, previous studies investigated authentic or 

highly purified anthocyanins reported that the complete disappearance occurred by 2 h 

incubation 88,89,91,173. This may suggest that our anthocyanin-rich extracts may contain 

other phenolics (i.e., protocatechuic acid) which may increase anthocyanin stabilities due 

to the synergistic effects between phenolic compounds, or contain other compounds (i.e., 

polysaccharides) that are metabolised by the microbes in preference to anthocyanins. 
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Another possibility is that the presence of 1% w/v glucose in the prepared colon media is 

favourable to microbiota as it is an easy source of energy before starting to breakdown 

anthocyanins, which would delay the anthocyanin degradation process. Glucose is 

naturally present in the human body and human food. Therefore it is more likely for 

anthocyanin to be degraded by the gut microbiota for more than 2 h as previous studies 

show 89,91,173. In particular, those studies used phosphate buffer (lack of glucose) as an 

incubation medium rather that the media components (with 1% glucose) utilised in the 

current study. 

In regards to the spontaneous degradation, results presented in this chapter demonstrated 

a significant reduction of the initial concentration of anthocyanin over 24 h in the presence 

of autoclaved faecal slurry (absence of live microbiota). Although some reports in the 

literature have incubated anthocyanins without microflora and others in the presence of 

microflora, all of them have not considered the contribution of spontaneous degradation 

to the overall anthocyanin disappearance. For example, Chen and others reported that the 

mulberry anthocyanins (Cya3Glc, Cya3Rut, and Del3Rut) were completely degraded by 

8 h after incubation with human faecal microflora240, agreeing with the observations in 

the current study, the authors did not investigate the chemical stability of mulberry 

anthocyanins. On the other hand, others have investigated the chemical stability of 

anthocyanins by simply incubating anthocyanin aerobically 38 or anaerobically at a 

neutral pH phosphate buffer93,174. These methods did not mimic the condition of the 

human gut where the faecal matrix and multi-organisms exist. Therefore, other studies 

investigated the spontaneous degradation of anthocyanins by inoculating batch-culture 

fermentation with autoclaved filtered faecal slurry 89,91,96,173. The data from these two 

studies showed a significant decrease in anthocyanin concentration; however, in the 

experimental material, authors used filtered faecal suspensions from animals such as rats, 

mice, and pigs which may not represent processes occurring in humans and are not 

matrix-matched 89,96. Meanwhile, other reports showed greater stability of incubated 

anthocyanins with filtered autoclaved faecal slurry. For example, two reports reported a 

slight decrease in the initial concentration of incubated anthocyanins with autoclaved 

filtered faecal suspension91,173. However, since anthocyanins are very unstable 

compounds at neutral pH 38, filtered autoclaved slurry might not be ideal for investigating 
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the colonic spontaneous degradation of anthocyanins, based on the very reactive pH-

dependent intermediates of anthocyanins (like α-diketones) 91 which are likely to interact 

with other faecal matrix components such as proteins and lipids. Therefore, different stool 

samples with different matrices might affect the spontaneous degradation, and 

consequently the microbiota-dependent degradation of anthocyanins.  

Inter- and intra-individual variations were described for the first time in both the 

microbiota-dependent and the spontaneous degradation of the incubated anthocyanins. 

The differences between individuals were observed to be greater than the differences 

between stools collected from the same individual. Although the data in this chapter 

showed slight intra-individual in anthocyanin metabolism, it is possible that this 

difference is due to the changes that may happen in gut microbiota composition due to 

daily lifestyle changes such as diets, sleep patterns, and health status 241.  However, the 

inter-individual variation was shown to be significant.  It is possible that this difference 

is also due to enterotype variations between individuals 242.  

Data presented in this chapter regarding the metabolism of bilberry anthocyanins goes 

beyond the existing reports in the literature where only a single or few anthocyanin 

candidates were investigated in-vitro 88,89,91,177. Nevertheless, data in this chapter showed 

considerable differences in anthocyanin kdeg between different anthocyanin aglycone (i.e., 

Cya, Del, Peo, and Mal). For example, Mal showed more stability than others whereas 

Del showed less stability in both microbiota-derived and spontaneous degradation. 

Therefore, it is possible that the number of hydroxyl group on B-ring affect the chemical 

stability of anthocyanin and consequently the gut-microbiota dependent degradations. 

In addition to that, the type of sugar moiety in the anthocyanin structure showed to play 

important role in the kdeg of either microbial or spontaneous degradation.  Galactose (Gal) 

decrease the stability of anthocyanins, whereas Arabinose (Ara) was shown to increase 

the stability of anthocyanins (Gal < Glc < Ara). Glucose and galactose are epimers, which 

refer to one of a pair of stereoisomers. The only difference between glucose and galactose 

is the orientation of the -OH group at C-4. Glucose is more stable than galactose and may 

be less susceptible to the formation of nonspecific glycoconjugates, which are molecules 

with at least one sugar attached to a protein or lipid. In addition, it was reported that Glc 
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is more consumable for to cell line than Gal 243. In addition, a report by Ryan and others 

reported that glucose was utilised more rapidly than galactose by 27 pure oral bacterial 

cultures244. This indicates that it is easier for bacteria, including gut microbiota, to 

consume Glc as a carbon source than other sugar moieties such as Gal.    

Significant differences were observed in the disappearance rate of the incubated 

anthocyanins between pH-controlled and non-pH-controlled colon model vessels. In 

controlled pH colon vessels, the black rice anthocyanin, Cya3Glc, and the various bilberry 

anthocyanins had almost fully disappeared within 6-12 h of incubation with live faecal 

microbiota. In contrast, when using uncontrolled pH colon vessels with the same initial 

concentration of Cya3Glc, a slow disappearance rate was observed over the first 6 h where 

the degradation stopped, and the complete degradation of Cya3Glc did not occur over the 

24 h incubation (Figure 4. 13).  Conversely, no significant differences were observed in 

the disappearance rate of the incubated Cya3Glc with or without controlling the pH of the 

incubation with autoclaved faecal slurry. However, spontaneous degradation was also 

observed in the absence of pH control. This suggests that the growth of the live microbiota 

increases the production of organic acids which decreases the medium pH to acidic. This 

low pH would increase the stability of Cya3Glc, but it may also cause a change in the 

microbial population that favours microbiota that prosper in low pH conditions or 

metabolites produced, but which do not have the ability to break down the Cya3Glc. Only 

one reported study has used a pH-controlled model 177. The authors reported that a mixture 

of mono-glycoside anthocyanins was almost fully degraded after 10 h incubation in the 

presence of live faecal inoculum. In addition, these authors reported a 60 % decline of the 

Cinitial of Del3Glc within 5 h incubation without faecal microbial fermentation, whereas 

Mal3Glc was shown to be relatively stable in the same study. This suggests that without 

the autoclaved faecal materials, the spontaneous degradation depends only on the 

anthocyanin structure, and no possible reaction with other components could be found in 

faecal samples such as proteins, and lipids. This strongly suggests that the chemical make-

up of the faecal material plays an important role in the spontaneous degradation of 

anthocyanins. That is, the overall effects of the presence of the faecal microbiome are a 

mixture of the altered chemistry of the aqueous solution and the presence of live, 

metabolically active bacteria. On the other hand, the studies which have not used 
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a controlled pH model fermentation observed a full degradation after a 2 h incubation 

which is in contrast with the data presented here. However, the colon model media used 

in this project has a buffering capacity of only 0.5 mM (potassium phosphate), whereas 

other reports incubated an initial concentration of 100 µM of anthocyanins in a phosphate 

buffer ranging between 100 to 150 mM89,91,173. This likely indicates that in the low buffer 

capacity, the microbiota growth caused a drop in the medium pH which significantly 

slower the microbial degradation of anthocyanins.  

The standard addition method showed that the calculated concentration of Cya3Glc in 

black rice extract powder was higher by 5 % than using the external standard method. 

This may happen due to the co-pigmentation effect where non-Cya3Glc compounds in 

the black rice extract may affect the absorbance properties of Cya3Glc itself at Ɛ520 nm. In 

addition, all data reported in this chapter showed that the quantified Cinitial of anthocyanin 

at 0 h was lower than added anthocyanins (Ctheo), showing a reduction between 10 and 30 

%. This observation was also reported by Hidalgo and others, where the anthocyanin 

Mal3Glc recovery was calculated to be 85 %177. This may happen due to the attachment 

of anthocyanin to the faecal slurry matrix, especially proteins.  

4.6. Conclusions 

In this chapter, I have investigated the contribution of the human faecal microbiota to the 

disappearance of anthocyanins. Anthocyanins disappeared partly spontaneous and partly 

due to the human faecal microbiota activity. The kdeg of anthocyanins varied within-

person samples as well as between different donors. B-ring substitutions as well as the 

conjugated sugars affected the rate of loss of anthocyanins, both for the microbiota-

dependent and the spontaneous degradation. However, there are very few studies 

concerning anthocyanin metabolism by the human gut microbiota, and some critical 

factors need to be considered before conducting the investigation. The spontaneous 

degradation of anthocyanins contributes directly to the degradation of microbiota-

depended degradation; therefore, incubating anthocyanin with autoclaved faecal 

microbiota should be considered in the experimental design alongside incubating with 

live faecal microbiota. Also, the medium itself might change the disappearance rate of 

anthocyanins since anthocyanins are reactive compounds.  In addition, the initial 
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concentrations may affect the rate of loss where higher concentrations seem to be slower, 

which may suggest higher concentrations confer partial toxicity to the microbiome and/or 

just the fact of more initial substrates need more time to be digested. More importantly, 

controlling the fermentation pH is very critical since anthocyanins are very stable in low 

pH, and our results showed that the pH is dropping very drastically with 2 h incubation 

with live faecal microbiota. Due to the intra- and inter-individual variations, the glycerol-

frozen faecal stock might be the best option for reproducing the data by using the same 

faecal sample on different occasions. To conclude, the spontaneous degradation of 

anthocyanins is contributing roughly 50% of the overall microbiota-depended 

degradation. Therefore, further studies on the spontaneous degradation of anthocyanins 

will be discussed in the following chapter.
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Chapter 5: The spontaneous 

degradation of anthocyanins and 

anthocyanidins 

5.1. Abstract 

Background: In chapter 4 it was shown that the degradation of anthocyanins in the 

human colon is the result of both spontaneous processes and also microbiota-independent 

processes, i.e., spontaneous degradation. There is a considerable literature reporting on 

the spontaneous degradation of anthocyanins, but largely focussed on foods and 

beverages, or using simple (buffered) solutions under aerobic conditions. However, to the 

best of my knowledge, nothing has been reported about the spontaneous degradation of 

anthocyanins in the conditions of the colon.  

Aim and methods: The overall aim of the research reported in this chapter was to 

investigate the spontaneous degradation of anthocyanins (Cya3Glc) as well as 

anthocyanidins (Cya and Del) in more detail. The specific objectives were to investigate 

(i) how different matrices affect the rate of spontaneous loss of anthocyanins (colon model 

media versus phosphate buffer), (ii) the rate of loss of anthocyanins under aerobic and 

anaerobic conditions, (iii) possible differences in the types and/or profile of breakdown 

products of anthocyanins between aerobic and anaerobic conditions, (iv) the rate of 

spontaneous degradation of anthocyanidins (Cya and Del) and appearance of breakdown 

products, and (v) the effect of initial anthocyanidin concentration on their spontaneous 

degradation.  

Results: In anaerobic conditions and neutral pH, Cya3Glc disappeared faster in colon 

model media than in phosphate buffer solution with initial degradation rates (kdeg) of 17.1 

± 3.8 and 6.9 ± 5.5 µM/h, respectively. Data from LC-MS analysis of the breakdown 

products was consistent with Cya3Glc undergoing classic pH-dependent transformation 

to give cya hemiketal-Glc, Cya chalcone-Glc, Cya chalcone anionic-Glc and 

trihydroxyethenylbenzene-Glc (all colourless), but no other products.  
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Under aerobic condition and neutral pH, the rate of loss of Cya3Glc was faster (kdeg, 12.1 

± 1.3 µM/h) compared to anaerobic conditions (kdeg, 6.9 ± 5.5 µM/h), and there was a 

substantial increase in the number of breakdown products formed under aerobic 

conditions. These gave rise to various intermediates including PCA, PGA, coumarin-Glc, 

di- and tri-hydroxyphenyloxoacetic acid, and trihydroxyphenylacetic acid.  

Anthocyanidins (Cya and Del) also degraded spontaneously under aerobic conditions and 

neutral pH. The matrix, pH, initial concentration of anthocyanidin, and buffering capacity 

of the medium were important parameters that influenced spontaneous degradation. Both 

Cya and Del initially underwent a classic pH-dependent transformation to give 

intermediates of chalcones, chalcone anionics, and α-diketones, then underwent oxidation 

processes. The analysis of Cya showed that PCA, PGA PGCA, coumarin, di- and tri-

hydroxyphenyloxoacetic acid, and trihydroxyphenylacetic acid were the breakdown 

products. Whereas gallic acid, 3-O-methylgallic acid, PGA, PGCA, coumarin, and 

trihydroxyphenyloxoacetic acid were the breakdown species from Del.  

Conclusion: Although anthocyanins showed a pH-dependent transformation in both 

aerobic and anaerobic conditions, anthocyanins underwent a further series of oxidation 

processes (non-enzymatic reactions) only in the presence of oxygen. Next, therefore, the 

enzymatic pathways of anthocyanin metabolism by the human gut microbiota were 

investigated and presented in the next chapter (Chapter 6). 

5.2. Introduction 

Anthocyanins have been associated with various biological effects but they are 

chemically unstable compounds, and their chemical stability is affected by many factors 

including light, pH, temperature, metal ions, enzymes, and oxygen, amongst others 82,245. 

There is a considerable literature reporting on the spontaneous degradation of 

anthocyanins, but largely focussed on foods and beverages. A number of studies have 

used simple (buffered) solutions to investigate the spontaneous degradation of 

anthocyanins. For example, Kay and others reported that Cya3Glc and its aglycone 

(cyanidin) degraded spontaneously in phosphate buffered solution under physiological 

conditions of pH (7.4) and temperature (37˚C)38. In addition, Woodward and others 
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reported that different anthocyanins are degraded spontaneously in neutral-pH phosphate 

buffer and water87. Due to anthocyanin instability and their poor bioavailability, it has 

been hypothesised that any biological effects associated with anthocyanin consumption 

can be attributed to their spontaneous and microbial metabolites, rather than the parent 

compound38. The relative contribution of spontaneous and microbial anthocyanin 

metabolism in vivo is still superficially understood. However, the results from the 

previous chapter (Chapter 4) showed that the colonic degradation of anthocyanins is 

partly spontaneous and partly due to gut microbiota activity. Therefore, in this chapter 

investigations were conducted to understand the spontaneous degradation of 

anthocyanins in more detail, as the breakdown products are likely to undergo further 

metabolism by the gut microbiota in vivo, and consequently will have implications for 

health effects associated with an anthocyanin-rich diet. To the best of my knowledge, all 

reports in the literature to date have concerned the spontaneous degradation in the 

presence of oxygen and have not considered the anaerobic degradation of anthocyanins. 

However phenolic acid (B-ring-derived product) and PGA (A-ring-derived product) were 

reported as the breakdown products of the spontaneous degradation of anthocyanins and 

anthocyanidins, it has been noticed in these reports that there are some differences in the 

experimental design. For example, different matrices were used for the incubation of 

anthocyanins such as water, buffer solutions (with different buffer capacities: 0 mM, 10 

mM, and 100 mM) and tissue culture samples. Also, the preparation of a stock standard 

solution of the authentic compounds was also different or not mentioned. Furthermore, 

the investigated concentrations of anthocyanins or anthocyanidins were varied which 

ranged from low concentrations (20 µg mL-1) up to very high concentrations (1000 µg 

mL-1). Therefore, the outcome data from these reports was variable. For example, it was 

accounted for both A-ring and B-ring breakdown products but with less than 30 % molar 

recovery of the initial concentration of Cya3Glc 87. In contrast, Kay and others quantified 

both A- and B-ring breakdown products with 100 % molar recovery of the initial 

concentration of Cya3Glc and they only reported that protocatechuic acid (PCA) (B-ring-

derived) and phloroglucinol aldehyde (PGA) (A-ring-derived) are the main and the end 

breakdown products of the spontaneous degradation of Cya3Glc and its aglycone38. 

Therefore, in this chapter, the aerobic and anaerobic spontaneous degradation of 

anthocyanins and anthocyanidins have been investigated. In addition, the effect of 
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different factors such as matrix and pH, and initial concentrations were studied in more 

detail.  

5.3. Objectives 

The focus of the research reported in this chapter was to understand the spontaneous 

degradation of anthocyanins and their aglycones. The formation of the new breakdown 

products was investigated under various conditions. Loss of Cya3Glc and appearance of 

breakdown products were compared between colon model media and phosphate buffer, 

and under both aerobic and anaerobic conditions. Both the anthocyanin Cya3Glc and the 

anthocyanidins Cya and Del were investigated. Therefore, the studies described in this 

chapter were focused on (1) monitoring the disappearance of Cya3Glc, Cy, and Del 

during incubation in phosphate buffer and colon media; (2) exploring the loss of Cya3Glc, 

Cya, and Del in the presence as well as the absence of oxygen, and (3) investigating the 

formation of their breakdown products in both the presence and absence of atmospheric 

oxygen. The observations made here will be compared to the results of experiments that 

were carried out to investigate the microbiota-dependent degradation of anthocyanins 

reported in the next chapter. Critically, since degradation of anthocyanins in the presence 

of faecal microbiota will involve both spontaneous and microbiota-dependent processes, 

the observations made here will allow the microbiota-dependent processes to be 

distinguished from the spontaneous processes occurring in the colon model experiments. 

5.4. Results 

5.4.1. The identification of Cya3Glc, Cya, Del, and their breakdown 

products on HPLC-DAD-MS 

A chromatographic separation method was developed for 30 authentic phenolic 

compounds, as well as for Cya3Glc, Cya, and Del (Table 5. 1) on a reversed-phase HPLC 

column. A range of UV-VIS wavelengths (250, 280, 330, 370, and 520) were set up to 

determine the best signal response for each compound. The RT for each compound was 

determined by injecting each authentic standard individually as well as in a mixture of 

compounds. In addition, the mass fragment ion was observed using MS detector (coupled 

with HPLC-DAD) using a full scan mode and negative ionisation polarity.  The stock 
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solutions for all compounds were prepared in MeOH (1 mg/mL). Later, they were diluted 

in both phosphate buffer (pH 6.8) and colon media (pH 6.8). 

 Cya3Glc, Cya, and Del were best detected at 520 nm at different RT, 14.4, 20.4, and 

17.3, respectively (Table 5. 1). Whereas the majority of phenolic compounds were best 

detected at λ (280 nm) (e.g., gallic acid, catechol, PGA), some were best detected at λ (250 nm) 

(e.g., PCA, PGCA, and pyrogallol), and some at λ (330 nm) (e.g., ferulic acid, and 5-

hydroxyferulic acid). The separation method (Chapter 2, section 2.3.3) showed good 

separation of the majority of phenolic compounds (Figure 5. 1). However, some 

compounds overlapped in one peak. For example, the peak at RT 8.2 was shown to be 

formed from 4 different compounds (peaks no. 6, 19, 20, and 30), but the mass detector 

could be used to differentiate between them. Furthermore, there was no large difference 

in RT for phenolic compounds injected individually or within a mixture of other phenolic 

compounds. Additionally, there was no considerable effect of the matrix on the RT of all 

compounds.  

 

Table 5. 1. HPLC-DAD-MS identification of Cya3Glc, Cya, and Del. 

 

 

 

 

 

No Compound RT 
Best signal 

(λ) 

Parent ion 

m/z [M-H]- 

Other ions  

m/z [M-H]- 

1 Cya3Glc 14.4 520 447.0 895.1, 285 

2 Cya 20.4 520 285.1 593.1 

3 Del 17.3 520 301.1 625.1, 601.1 
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Table 5. 2. HPLC-DAD-MS identification of potential breakdown compounds during the 

spontaneous degradation of Cya3Glc, Cya, and Del. 

 

 

 

No Compound RT (min) 
Best signal 

(λ) 

Parent ion  

m/z 

[M-H]- 

Other ions 

m/z 

[M-H]- 

1 Pyrogallol 2.12 250 125.1 251.1  

2 Phloroglucinol 1.78 250 125.1 251.1  

3 Cinnamic acid 24.83 280 147.2 163.2, 119 

4 Ferulic acid 17.25 330 193.2 177.9  

5 Sinapic acid 19.01 330 223.2 208 

6 4-Hydroxybenzaldehyde 8.23 280 121.1 - 

7 Vanillic acid 8.87 250 167.1 358, 152 

8 5-hydroxyferulic acid 11.63 330 209.1 
207.1, 208.1, 

192 

9 4-Hydroxybenzoic acid 6.08 250 137.1 - 

10 
Phloroglucinol aldehyde 

(PGA) 
9.97 280 153.1 - 

11 Syringic acid 11.36 280 197.2 418, 182 

12 Caffeic acid 9.46 330 179.2 135 

13 Gallic acid 2.18 280 169.1 125 

14 3-O-methyl-gallic acid 7.11 280 183.1 367.1, 124 

15 Protocatechuic acid (PCA) 3.86 250 153.1 09.1 

16 
Phloroglucinol carboxylic 

acid (PGCA) 
4.53 250 169.1 362, 151 

17 Dihydrocaffeic acid 7.79 280 181.2 363.2 

18 Dihydroferulic acid 14.94 280 195.2 391 

19 3-hydroxy benzoic acid 8.22 250 137.1 275 

20 2,4-dihydroxy benzoic acid 8.20 250 153.1 330, 109 

21 
3,4-dihydroxyphenylacetic 

acid 
4.88 280 167.1 123, 344 

22 Homovanillic acid 10.34 280 181.2 137, 2M-H 

23 Catechol 4.47 280 109.1 363 

24 3,5-dihydroxy benzoic acid 3.80 250 153.1 307, 109 

25 3-hydroxy phenyl acetic acid 8.87 280 151.1 107, 303 

26 
3-(4-hydroxyphenyl) 

propionic acid 
11.73 280 165.2 354 

27 
Protocatechualdehyde 

(PCAld) 
5.67 280 137.1 275 

28 2,4-dihydroxy benzaldehyde 10.60 280 137.1 - 

29 3,4-dihydroxymandelic acid 1.43 280 183.1 367, 165 
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Figure 5. 1. DAD chromatogram λ (280 nm) of a mixture of 30 phenolic compounds dissolved in a 10 mM phosphate buffer (pH 6.8). 
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5.4.2. The spontaneous degradation of Cya3Glc in colon model media: 

Anaerobic conditions 

Having observed in the previous chapter (Chapter 4) that the black rice anthocyanin 

(Cya3Glc) was degraded spontaneously during the anaerobic incubation of the in-vitro 

colon model fermentations, the degradation of authentic Cya3Glc was carried out to 

understand the anaerobic spontaneous degradation of anthocyanins. Briefly, authentic 

Cya3Glc with an initial theoretical concentration (Ctheo) of 170 µM was incubated in 

neutral pH colon media at 37°C for 24 h inside an anaerobic cabinet. Samples were 

collected at 0, 4, 8, 12, 20 and 24 h into HPLC vials. The vials were firmly capped inside 

the anaerobic cabinet and then immediately taken to be analysed by HPLC-DAD to 

quantify the Cya3Glc concentrations. A control vial (t=0) was prepared using pure 

Cya3glc but in acidified colon media and immediately injected onto the HPLC column.  

Cya3Glc was degraded anaerobically over the 24 h during the anaerobic incubation with 

colon media (Figure 5. 2). No significant difference was observed between the control 

vial (t=0) and treatment vial at 0 h, but there was a significant difference in the 

concentration of Cya3Glc in the control vial (t=0) and treatment vial at 4, 8, 12, 20, and 

24 h (all p<0.0001).  Over the first 4 h, the initial kdeg of the spontaneous degradation of 

Cya3Glc was 17.1 ± 3.9 µM/h. In chapter 4, however, Cya3Glc was shown to be degraded 

spontaneously with an initial kdeg of 10 ± 6.7 µM/h in the in-vitro colon model which 

contained colon media with 1 % autoclaved faecal sample (Chapter 4, Figure 4. 12). 

Furthermore, a concentration of Cya3Glc of 22.4 ± 15.4 µM (13 % of Cinitial) was 

quantified at 24 h. However, in the in-vitro colon model, 30.6 ± 27.3 µM (27.7 % of 

Cinitial) of Cya3Glc was detected in the sample collected at 24 h. This difference might be 

due to the lack of pH control and/or the effect of the faecal matrix on the spontaneous 

degradation of anthocyanins. 

Although the data presented here showed that the overall spontaneous kdeg of Cya3Glc is 

similar to the overall kdeg of Cya3Glc during the incubation in the in-vitro colon model, 

phosphate buffer solution has been commonly used in literature to investigate the 

spontaneous kdeg of anthocyanins.  
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Figure 5. 2. The anaerobic spontaneous degradation of Cya3Glc (Ctheo = 170 µM) under the 

physiological condition of the colon (neutral pH; 37˚C) in colon media. 

A colon media (0.5 mM K phosphate, pH 7.0) was prepared and autoclaved then placed in the anaerobic 

cabinet overnight. On the day of the experiment, a fresh stock solution (SS) of Cya3Glc (2 mg/mL) was 

prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO. Inside the anaerobic cabinet and 

in a 10 mL vial, a 168.5 µL of SS was added to 4831.5 µL media to give a final volume of 5 mL with 

Cya3Glc concentration of 150 µM, then immediately the first sample at 0 h was collected into a 1 mL 

HPLC vial, capped, taken for HPLC analysis. Other samples were collected for injections at the times 

shown in the figure to determine the Cya3Glc concentration. External standard curve of serial 

concentrations of Cya3Glc was prepared in acidified colon model media (4% v/v formic acid). Each 

experiment was carried out in triplicates. Values represent means ± SD of three independent experiments. 

****Significance from control (p<0.0001) which include pure Cya3Glc standard spiked directly into 

acidified colon model media at t=0, using one-way analysis of variance (ANOVA) with Tukey’s Multiple 

Comparison Test.  
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5.4.3. The spontaneous degradation of Cya3Glc in phosphate buffered 

solution: Anaerobic conditions 

In the previous section, Cya3Glc was shown to be degraded spontaneously during 

anaerobic incubation in colon media. However, in the literature, simple buffered solutions 

were used to investigate the spontaneous degradation of anthocyanins.  Therefore, the 

anaerobic spontaneous degradation of Cya3Glc was investigated in a simple buffer 

solution at pH 7.4, 37˚C. The same method was followed as described in the previous 

section (Section 5.4.1) for incubating Cya3Glc (Ctheo of 170 µM) in a phosphate-buffered 

solution over 24 h. A control vial (t=0) was prepared using the authentic Cya3glc, but it 

was prepared in acidified phosphate buffer solution, and then immediately injected onto 

the HPLC column. 

Cya3Glc was degraded over the 24 h during the anaerobic incubation in phosphate buffer 

(Figure 5. 3). Compared with control, the rate of loss of Cya3Glc was statistically 

different only at 20 and 24 h (p<0.05), whereas no significant differences were observed 

at 0, 4, 8, 12 h. The error bars showed to be bigger at 20 and 24 h because the results from 

one replicate showed less degradation rate. However, over the first 4 h, the initial kdeg of 

the anaerobically incubated Cya3Glc in phosphate buffer was 6.9 ± 5.5 µM/h, which is 

substantially slower than the initial kdeg of Cya3Glc observed with colon media (17.1 ± 

3.8 µM/h). Consequently, the spontaneous kdeg is also slower than the spontaneous kdeg of 

the incubated Cya3Glc in the in-vitro colon model fermentation with autoclaved faecal 

sample (Chapter 4, figure 4.11). For example, the data presented in Figure 5. 2 showed 

that 50 % (81.8 ± 45.2 µM) of the Cinitial of Cya3Glc was detected in the sample collected 

at 24 h, but only 13.2 % (22.4 ± 15.4 µM) of the Cinitial of Cya3Glc was detected in the 24 

h sample incubated with colon media and 23 % (30.6 ± 27.3 µM) of the Cinitial of Cya3Glc 

was detected from samples collected from the in-vitro colon model at the 24 h. This 

indicated that not only 1 % autoclaved faecal sample, but also different mediums affected 

the spontaneous degradation of anthocyanins. Therefore, data shown in Figure 5. 4 

showed a significant difference (p<0.05) of the spontaneous kdeg between the anaerobic 

kdeg of Cya3Glc in colon media and phosphate buffered solution at 4, 8, and 12 h. 

However, there was no significant difference at 20 and 24 h.  
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Figure 5. 3. The anaerobic spontaneous degradation of Cya3Glc (Ctheo = 170 µM) under the 

physiological condition of the colon (neutral pH; 37˚C) in phosphate-buffered solution. 

A phosphate buffer (10 mM K phosphate, pH 7.4) was prepared and autoclaved then placed in the anaerobic 

cabinet overnight. On the day of the experiment, a fresh stock solution (SS) of Cya3Glc (2 mg/mL) was 

prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO. Inside the anaerobic cabinet and 

in a 10 mL vial, a 168.5 µL of SS was added to 4831.5 µL phosphate solution to give a final volume of 5 

mL with Cya3Glc concentration of 150 µM, then immediately the first sample at 0 h was collected into a 1 

mL HPLC vial, capped, taken to HPLC analysis. Other samples were collected for injections at the times 

shown in the figure to determine the Cya3Glc concentration. External standard curve of serial 

concentrations of Cya3Glc was prepared in acidified phosphate buffer (4% v/v formic acid). Values 

represent means ± SD of three independent experiments. *Significance from control (p <0.05) which 

include pure Cya3Glc standard spiked directly into acidified phosphate buffer at t=0, using one-way 

analysis of variance (ANOVA) with Tukey’s Multiple Comparison Test. 
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Figure 5. 4. Comparison of the anaerobic spontaneous degradation of Cya3Glc in colon model 

media and phosphate buffer. 

Values represent means ± SD of three independent experiments. * Significance at comparable time points 

(p <0.05) in both colon model media and phosphate buffer which include incubated pure Cya3Glc standard, 

using unpaired t test with two tailed p value. 

In literature, however, the spontaneous degradation was investigated in the aerobic 

condition, showing higher kdeg in comparison with the data presented in this section and 

the previous section (Section 5.4.1). For example, Woodward and others investigated the 

incubation of Cya3Glc with phosphate buffer (pH 7.4) at 37°C and reported that 15 % of 

the Cinitial of Cya3Glc (140 µM) was detected from sample collected at 24 h. Therefore, it 

is important to understand the difference between the aerobic and anaerobic spontaneous 

degradation of anthocyanins in more detail.  

  



 

Chapter Five 

146 

 

5.4.4. The spontaneous degradation of Cya3Glc in colon media and 

phosphate buffer: Aerobic conditions  

Having observed that the authentic standard of Cya3Glc degrades spontaneously during 

anaerobic incubation in colon media and in phosphate buffer, the next question that was 

addressed was whether aerobic condition affects the spontaneous kdeg. To investigate this, 

an authentic Cya3Glc (Ctheo of 170 µM) was incubated aerobically in colon media and 

phosphate buffer under physiological conditions (neutral pH, 37°C). Briefly, Cya3Glc 

was incubated in a 1 mL-HPLC vial which was filled with colon media (or phosphate 

buffer solution) then immediately placed in the HPLC autosampler where the temperature 

was set at 37˚C prior to the incubation.  Auto-injections were carried out over 24 h from 

the same experimental vial to quantify the Cy3Glc using peak areas from DAD at 520 

nm.  

In both colon media and phosphate buffer, significant loss of the aerobically incubated 

Cya3Glc was observed over 24 h (Figure 5. 5). However, over the first 4 h, the initial kdeg 

of Cya3Glc shown to be faster in colon media (24 ± 13.3 µM/h) than in phosphate buffer 

(9.1 ± 1.5 µM/h). In the previous chapter (Chapter 4), the spontaneous kdeg of the 

incubated Cya3Glc during the in-vitro colon model fermentation was 10 ± 6.7 µM/h over 

the first 4 h (Chapter 4, section 4.5.3). This observation showed that the presence of 

atmospheric oxygen has a significant effect on the stability of anthocyanins by showing 

considerable difference between initial kdeg of Cya3Glc under the anaerobic and the 

aerobic conditions. In addition, 47.4 ± 1.7 µM (28 % of the Cinitial) was detected in the 

last injection at 24 h from the vial containing phosphate buffered solution and Cya3Glc 

(Figure 5. 5). Whereas Cya3Glc was completely degraded spontaneously by 18 h of the 

aerobic incubation in colon media. 

These data showed that there is a significant matrix effect (from both faecal material and 

the medium) on the spontaneous kdeg of Cya3Glc (Table 5. 3). Phosphate buffer could be 

the proper media for controlling the pH during incubation, but it might not be the best 

representative to mimic the medium of the gastrointestinal tract under the physiological 

condition. 
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Figure 5. 5. The aerobic spontaneous degradation of Cya3Glc (Ctheo = 170 µM) at physiological condition (neutral pH; 37˚C) in colon media and phosphate 

buffer. 

A phosphate buffer (10mM K phosphate, pH 7.4) and colon media (0.5 mM K phosphate, pH 7.0) were prepared and autoclaved. On the day of the experiment, a fresh 

stock solution (SS) of Cya3Glc (2 mg/mL) was prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO. In 1mL HPLC vials and separate days, two 

experimental vials (n=2) were prepared for each medium by adding 168.5 µL of SS to 4831.5 µL medium) to give a final volume of 5 mL and a Cya3Glc concentration 

of 150 µM, then immediately the experimental vials were put in LC-DAD autosampler for injections at the times shown in the figure to determine the Cya3Glc 

concentration. External standard curve of serial concentrations of Cya3Glc was prepared in acidified phosphate buffer or colon media (4% v/v formic acid). Each 

experiment was carried out in duplicates. Values represent means ± SD. 
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Figure 5. 6. Comparison between aerobic and anaerobic spontaneous degradation of Cya3Glc in colon model media and phosphate buffer. 

Where the experiment was carried out in colon media (A) and phosphate buffer (B). Values represent means ± SD of two independent experiments. * Significance 

(p<0.05) and ** Significance (p<0.01) from the same time point which include incubated pure Cya3Glc standard in colon model media at different time points, using 

unpaired t test with two tailed p value.
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Table 5. 3. Comparison of the spontaneous degradation of Cya3Glc in different conditions# 

   Colon media Phosphate buffer in-vitro colon model* 

 Ctheo µM 170 170 133.3 

Aerobic 

incubation 

Cinitial µM 157.7 ± 10.9 152.9 ± 4.2 - 

kdeg µM/h  24 ± 13.3 9.1 ± 1.5 - 

Cend µM 0.0 47.4 ± 1.7 - 

%end %  0 31 - 

Anaerobic 

incubation 

Cinitial µM 169.2 ± 4.1 163.5 ± 10.1 110 ± 6 

kdeg µM/h 17.1 ± 3.9 6.9 ± 5.5 10.0 ± 6.7 

Cend µM  22.4 ± 15.4 81.7 ± 45.2 30.6 ± 27.3 

%end %  13 50 28 

Ctheo = theoretical concentration. 

Cinitial = initial quantified concentration at 0 h. 

kdeg = degradation rate over the first 4 h. 

Cend = end detected concentration at 24 h. 

%end = percent (based on Cinitial) of quantified concentration at the end of incubation (24 h). 

# All values are means ± SDs.  

* Cya3Glc was incubated in the in-vitro colon model vessel which contained colon media with 1% autoclaved faecal sample (chapter 4, 

Figure 4. 12). 
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5.4.5. Investigating the breakdown products of the spontaneous 

degradation of Cya3Glc during anaerobic incubation 

The formation of breakdown products from the anaerobic spontaneous degradation of 

Cya3glc was observed on the DAD using different wavelengths (250, 280, 330, 370, and 

520 nm). All newly formed peaks were observed from the UV-VIS chromatograms of the 

injections from vials containing phosphate buffer but newly formed peaks in the vial 

containing colon media were not clear and easy to monitor as the chromatogram had a 

very noisy background presumably from the various components present in colon media. 

Therefore, all new peaks were observed on the chromatograms created from injections 

from incubations of Cya3Glc in phosphate buffer solutions, then analysed the parent ions 

m/z[M-H]- in full scan mode and picked up some in-source fragments. Afterwards, the 

identified masses were used later to observe the peak formation over time in both 

incubations in buffer solutions and colon model media.   

In the absence of oxygen, Cya3Glc declined over time. In parallel, new peaks appeared 

as breakdown products of Cya3Glc over 24 h (Figure 5. 7). Some new peaks gave 

m/z[M- H]- values greater than that of Cya3Glc (m/z[M-H]- = 447). The new masses (i.e., 

m/z[M- H]- = 465 and 463) were higher than the mass of Cya3Glc (m/z[M-2H] = 447), 

showing that Cya3Glc underwent structural changes and the potential addition of small 

masses like O2 and H2O. This change is due to the pH, and it will be referred to the pH-

dependent degradation 91. It is well known that anthocyanins are stable at low pH (pH 1-

3). In addition, a m/z[M-H]- 329 was detected during the anaerobic incubation. 

Furthermore, expected masses such as m/z[M-H]- 153 corresponding to PCA and/or PGA 

were not detected.  

At 0 h, the Cya3Glc peak appeared at RT 14.8 on DAD chromatogram (Figure 5. 11), 

and with m/z[M-H]- 447 on mass spectra chromatogram (Figure 5. 7A). The 

interpretation of mass spectra is usually carried out by assuming that the highest intensity 

of parent ion on the mass spectra chromatogram as the mass [M] of the compound, and ± 

H depends on the ionisation polarity (positive or negative). Extra confirmation of the 

compound mass [M] and its structural formula might be expected by observing other in-

source fragment peaks on mass spectra chromatograms. For example, the mass spectra 
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obtained from Cya3Glc showed that the highest peak, which accounted for the parent ion, 

was 447 m/z[M-2H]- (Figure 5. 7A). In addition, a m/z[2M-H]- ion of 895.2 appeared to 

show a dimer of Cya3Glc mass. An in-source fragment of m/z[M-H]- 285 was also shown 

to confirm the cyanidin after knocking off glucose (Glc) moiety from Cya3Glc. 

Moreover, spectra peaks with higher masses than the Cya3Glc [M-H]- but smaller than 

the mass of Cya3Glc dimer [2M-H]- represented an adduct with Cya3Glc might occur 

during the ionisation. For example, spectra peak of 465.1 [M-H] accounted for an adduct 

molecule of H2O (18 amu) with Cya3Glc. 

Another peak appeared at 12.7 min on DAD chromatogram at 0 h incubation (Figure 5. 

11) with m/z[M-H]- 465 (Figure 5.7.B). This would be presumed C-ring fission and the 

addition of H2O (18 amu) to Cya3Glc that would form Cya chalcone-Glc in cis- form that 

later transformed to a trans- form with less structure energy 81. This mass was shown to 

be increased over the first 4 h of the incubation in both colon media and phosphate buffer 

(Figure 5.6). Afterwards, it declined faster in colon media while it plateaued over time in 

the phosphate buffer. cis/trans-Cya chalcone-Glc was identified as [M-H]- =465; a dimer 

[2M-H]- =931.2 and [[M-H]-Glc]- =303 (Figure 5. 7B).  

After 1 h incubation another peak (RT 7.3) appeared with the mass of m/z[M- H]- 463 

(Figure 5. 6). This m/z value suggested that Cya chalcone-Glc lost two protons [2H+] to 

form Cya chalcone anionic-Glc. This mass increased over time during the incubation in 

phosphate buffer to reach its maximum accumulation at 24 h. Whereas the same peak was 

detected at 24 h in colon media but in a very small amount. This compound was 

interpreted using mass fragment pattern [M- H]- 463; as a dimmer [2M-H]-927.2 (Figure 

5. 8C). Anionic Cya chalcone-Glc is a charged form, thus it is presumably form dimers 

with high molecular weight which delay it is elution to appear lately at RT 14.1 (Figure 

5. 8D). Another peak with m/z[M-H]- 329 appeared in both phosphate buffer and colon 

media, however, it appeared at 4 h in colon media and at 8 h in phosphate buffer (Figure 

5. 7 and Figure 5. 8E). Nevertheless, this peak in both colon media and phosphate buffer, 

and the m/z[M-H]- 329 increased over time to reach its maximum accumulation at 24 h 

(Figure 5. 7). 
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Figure 5. 7. The formation of the breakdown masses (products) during the anaerobic spontaneous degradation of Cya3Glc (Ctheo = 150 µM) at physiological 

condition (neutral pH; 37˚C) in colon media and phosphate buffer. 

Phosphate buffer (A, 10mM K phosphate, pH 7.4) and colon media (B, 0.5 mM K phosphate, pH 7.0) were prepared and autoclaved. Colon media and phosphate buffer 

were incubated in the anaerobic cabinet overnight at 37˚C to carry out the anaerobic degradation in the next day. On the day after, a fresh stock solution (SS) of Cya3Glc 

(2 mg/mL) was prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO. In the anaerobic cabinet, two experimental vials (n=2) were prepared for each 

medium by adding 168.5 µL of SS to 4831.5 µL medium) to give a final volume of 5 mL and a Cya3Glc concentration of 150 µM. Samples (0.5 mL) were collected at 

the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid then immediately analysed using HPLC-DAD-MS in negative full scan mode to 

determine the Cya3Glc concentration. External standard curve of serial concentrations of Cya3Glc was prepared in acidified phosphate buffer (4% v/v formic acid). Each 

experiment was carried out in triplicates. Values represent means ± SD.
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Figure 5. 8. The mass spectra of the peaks corresponding to Cya3Glc and its anaerobic spontaneous 

breakdown products in phosphate buffer on LC-MS in negative full scan mode, where x axis is 

m/z[M-H]- and y axis is the relative abundance (100%). 

Cya3Glc (A), Cya chalcone-Glc (B), Cya chalcone-anionic-Glc (C), dimer of Cya chalcone-anionic-Glc 

(D), and trihydroxyethenylbenzene-Glc (E). 
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5.4.6. Investigating the breakdown products of the spontaneous 

degradation of Cya3Glc during the aerobic incubation 

The formation of breakdown product peaks from the aerobic spontaneous degradation of 

Cya3glc was observed also on the DAD using different wavelengths (250, 280, 330, 370, 

and 520 nm). In addition, all newly formed peaks were observed from the UV-VIS 

chromatograms of the injections from vials containing phosphate buffer, because the 

peaks formed from the vial containing colon media were not clear and easy to monitor 

due to a high and noisy background presumably from colon media ingredients. Therefore, 

all new peaks were initially observed on the chromatograms created from injections from 

incubation with phosphate buffer. Afterward the corresponding masses of these new 

peaks were identified in the colon media samples by extracting these m/zs[M-H]- from 

the full scan to create a targeted MS chromatogram that could be integrated.  

With regard to the aerobic spontaneous degradation, Cya3Glc declined at a faster rate 

over time compared to the anaerobic degradation (Figure 5. 6). Four peaks which were 

detected in the anaerobic degradation of Cya3Glc, were also detected in the aerobic 

spontaneous degradation of Cya3Glc i.e., cis/trans-Cya chalcone-Glc (RT 12.7; 

m/z[M- H]- 465), Cya chalcone-Glc (RT 7.3; m/z[M-H]-  463), 2,4,6-

trihydroxyethenylbenzene-Glc (RT 3.4; m/z[M-H]- 329) and dimer of Cya chalcone-Glc 

(RT 14.1; m/z[M-H]- 931).  

However, nine new peaks were detected as breakdown products during the aerobic 

degradation of Cya3Glc (Table 5. 4). The formation of these peaks was observed over 

the 24 h (Figure 5. 9). Three peaks showed to have higher mass than the mass of Cya3Glc. 

One peak, m/z [M-H]- 465 (RT 4.8), appeared at 3 h and increased over time up to 24 h. 

This was interpreted as Cya hemiketal ketone-Glc. Another unknown peak was m/z 

[M- H]- 495 (RT 7.6) which appeared at 2 h and increased over time to reach its maximum 

at 24 h. Another peak appeared (RT 14.9; m/z[M-H]- 929) later at 4 h and also showed 

constant increase over time, and this mass was identified as a dimer of two different 

molecules, Cya chalcone-Glc (m/z[M-H]- 465) and Cya chalcone anionic (m/z[M-H]-

463). However, there was another new peak, but with lower masses than Cya3Glc, was 

shown to be increased over time. The peak (RT 6.4; m/z[M-H]-355) appeared at 2 h and 



 

Chapter Five 

156 

 

consistently increased over time. This peak was identified as coumarin-Glc based on 

m/z[M-H]- 355, another ion m/z[M-H]- 193 for coumarin, and other ion of m/z[M-H]- 177 

(Figure 5. 9). 

 Additionally, five peaks with smaller apparent masses than the m/z[M-H]- of Cya3Glc 

appeared to increase over time (Figure 5. 9 and Figure 5. 11). Two peaks were identified 

using m/z and RT of authentic standards, PCA (RT 3.7; m/z[M-H]- 153) and PGA (RT 9.7; 

m/z[M-H]- 153). However, further structure confirmation was done using fragment ions 

[M-H] which were 109 and 125 for PCA and PGA, respectively (Figure 5. 10E and 

5.10F). The other three peaks were interpreted using the fragment ions from the current 

ion chromatogram. Therefore, these peaks were identified as 

2,4,6- trihydroxyphenyloxoacetic acid (RT 1.4; m/z[M-H]- 197) with in-source ion 

fragment of 177, 153 and 125 [M-H]-, 2,4,6- trihydroxyphenylacetic acid (RT 2.3; 

m/z[M- H]- 183) with ion fragment of 177, and 139 [M-H], and 

3,4- dihydroxyphenylacetic acid (RT 1.7; m/z[M-H]- 181) with ion fragment of 177, 137 

and 109 [M-H] (Table 5. 4).  

The experimental HPLC vial of the aerobic spontaneous degradation of Cya3Glc was left 

over 7 days in the same condition (aerobic, 37°C) to inject it again onto HPLC-DAD-MS. 

The data showed that 3,4-dihydroxyphenylacetic acid (RT 1.7; m/z[M-H]- 181) remained 

as the highest peak compared to other peaks (Appendix 4).  
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Figure 5. 9. Spontaneous aerobic degradation of Cya3Glc (170 µM) at neutral pH; 37˚C and the 

formation of breakdown products over 24 h incubation. 

A phosphate buffer (10mM K phosphate, pH 7.4) was freshly prepared and then autoclaved. A fresh stock 

solution (SS) of Cya3Glc (2 mg/mL) was prepared by dissolving 2 mg of the authentic compound in 1 mL 

DMSO. An experimental vial (n=1) of 150 µM of Cya3Glc was prepared by adding 33.7 µL of SS to 966.3 

µL phosphate buffer, and immediately injected through HPLC-DAD-MS (in negative full scan mode) 

where the autosampler temperature was set at 37°C. Different auto-injections were carried out at the times 

(shown in the figure) to follow the Cya3Glc concentration and the formation of other breakdown products. 

External standard curve of serial concentrations of Cya3Glc was prepared in acidified phosphate buffer 

(4% v/v formic acid). The experiment was carried out twice in total, and similar results were obtained. The 

data are shown from one experiment.  
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To be continued in the next page…….. 
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Figure 5. 10. The mass spectra of peaks corresponding to breakdown products from the aerobic 

spontaneous degradation of Cya3Glc in phosphate buffer on LC-MS in negative full scan mode, 

where x axis is m/z and y axis is relative abundance (100%). 

Coumarin-Glc (A), dihydroxyphenyl-oxo-acetic acid (B), trihydroxyphenyl acetic acid (C), and 

trihydroxyphenyl-oxo-acetic acid (D), protocatechuic acid (E), and phloroglucinol aldehyde (F). 
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Figure 5. 11. DAD chromatogram λ (280 nm) of the aerobic incubation of Cya3Glc at 0, 12 and 24 h in a 10 mM phosphate buffer (pH 7.4) at 37°C showing 

the decomposition of Cya3Glc with the formation of new breakdown products. 
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Table 5. 4. Identification of Cya3Glc and its putative spontaneous breakdown products during 

aerobic and anaerobic conditions 

Peak 
RT 

(min) 

Mass 

(amu) 

Parent ion 

m/z [M-H]- 

Other ions 

m/z [M-H]- 
Identified compound 

Detection 

media/ 

buffer 

Aerobic/ 

anaerobic 

1 14.4 449 447 
895, 447, 

329, 285 
Cya3Glc both both 

2 16.9 768 767 329 Unknown both aerobic 

3 14.8 930 929 

767, 587, 

447, 379, 

317 

Cya chalcone + 

Cya chalcone 

anionic 

both aerobic 

4 14.1 928 927 463 

Cya chalcone 

anionic-Glc 

(Dimer) 

both both 

5 12.6 466 465 
931, 465, 

329, 303 

cis/trans-Cya 

chalcone-Glc 
both both 

6 12.2 766 765 
627, 167, 

142 
Unknown buffer aerobic 

7 9.7 154 153 125 
Phloroglucinol 

aldehyde (PGA) 
both aerobic 

8 7.6 496 495 
198, 175, 

161, 142 

Cya chalcone 

anionic-Glc + 2 O 
both aerobic 

9 7.3 464 463.1 
397, 367, 

198, 177 

Cya chalcone 

anionic-Glc 
both both 

10 6.4 356 355 193, 177 Coumarin-Glc both aerobic 

11 

4.3, 

5.1, 

5.4, 

6.0, 

6.2 

344 343 
283,197, 

177, 153 

Dihydroxy-oxo-

cyclohexa-

dienylacetyl-Glc 

 

both 

aerobic 

but peak 

appeared 

at RT 5.4 

was 

detected 

in 

anaerobic 

12 4.8 466 465 343, 317 
Cya hemiketal 

ketone-Glc 
media aerobic 

13 3.7 154 153 109 
protocatechuic 

acid (PCA) 
both aerobic 

14 3.4 330 329 
196, 177, 

153 

2,4,6-

trihydroxyethenylb

enzene-Glc 

both both 

15 2.3 184 183 177, 139 

2,4,6-

trihydroxyphenyl 

acetic acid 

both aerobic 

16 2.0 178 177 169, 125 Unknown both aerobic 

17 1.7 182 181 
177, 137, 

109 

3,4-

dihydroxyphenyl-

oxo acetic acid 

both aerobic 

18 1.4 198 197 
177, 153, 

125 

2,4,6-

trihydroxyphenyl-

oxo acetic acid 

both aerobic 
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5.4.7. The effects of matrix, initial concentration, and buffer capacity on 

the aerobic spontaneous degradation of anthocyanidins: Cya  

In the previous sections, anthocyanins (Cya3Glc) were shown to be degraded 

spontaneously during aerobic and anaerobic incubations. Previous reports have 

investigated anthocyanidins 38,87. However, it has been noticed that there were variables 

in the experimental design in these reports. For example, different matrices were used for 

the incubation of anthocyanidins such as water, buffer solutions (with different buffer 

capacities) and tissue culture samples. Also, the preparation of stock standard solution of 

the authentic compounds was also different or not mentioned, and the initial concentration 

ranged from low concentration (20 µg mL-1) up to very high concentrations 

(1000 µg mL- 1). Therefore, here the effects of various variables such as matrix, initial 

concentration, and buffering capacity on the spontaneous kdeg were investigated. 

The effect of matrix  

To investigate this, a stock solution of an authentic Cya was freshly prepared in DMSO, 

then it was immediately incubated in two HPLC vials: (1) one containing milli-Q water 

(deionised and filtered water) and (2) the other containing 100 mM phosphate buffer 

solution with pH 7.4 as reported in the literature where of using simple solution was 

commonly used. The incubation was carried out at 37°C over 24 h. The initial 

concentration of Cya in both vials was 1000 µg mL-1 as reported in Kay report 38. In 

addition, a high Cinitial would help to follow up and identify the formation of the 

breakdown products. The final DMSO percent was 1% in both experiments. At different 

time points, samples were injected onto HPLC-MS to quantify Cya. 

Cya was extensively degraded in phosphate buffer but only slightly degraded in Milli-Q 

water and the purple colour of Cya remained even after 24 h incubation in water compared 

to phosphate buffer (Figure 5. 12). However, in phosphate buffer solution, dark blue 

precipitation was formed. Therefore, the solution was centrifuged and then the precipitate 

was resuspended in Milli-Q water and injected again through HPLC-MS, showing 

unknown peaks. The main peak appeared at RT 25.4 and accounted for the mass of 290 

m/z (Figure 5. 13). The mass of catechin and epicatechin is 290 (amu). Therefore, the 
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injection of authentic standard compound of catechin and (+)-epicatechin was carried out, 

but both appeared at different retention times from the RT of the peak with mass of 290, 

confirming it is a different compound. 

At 24 h, the pH was measured in both vials by using litmus paper to give pH values of ~ 

4 for water and 7 for phosphate buffer solution. Because the pH of milli-Q water is slightly 

low (~ 6.0), therefore, the same experiment with milli-Q water was repeated but the milli-

Q water pH was adjusted to 7.4 using a drop of 1 M NaOH prior to the incubation. 

However, the colour of the solution was as purple at t=0 h incubation which showed that 

the spontaneous degradation is not completed or did not happen. Regarding breakdown 

products, only a mass of 304 (putatively Cya chalcone) was detected as the main 

breakdown product in water and phosphate buffer.  

 

Figure 5. 12. Picture of incubated Cya (1000 µg mL-1) in two different matrices after 24 h 

incubation at 37°C.  

A: milli-Q water and B: 100 mM phosphate buffered solution. 

 

A B 
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Figure 5. 13. The mass spectra (TIC) of peaks which appeared from the injection of the resuspended precipitate which formed after dissolving Cya 

(1000 µg mL-1) in phosphate buffered solution. 
The predominant peak was unknown which was detected for the first time (RT 26.4, m/z [M-H]- = 289). Other known masses appeared such as Cya (RT 20.1, m/z [M-

H]- =285), and PCA (RT 3.3, m/z [M-H]- =153).  
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The effect of the initial concentration of anthocyanidins 

The observation of a precipitate in the previous experiment from the incubation of high 

amount of Cya (1000 µg mL-1) in water and phosphate buffer solutions led to the question 

of whether the high initial concentration caused reactional saturations or equilibriums 

which halt the spontaneous reactions. Therefore, the same incubation was carried out 

again in 100 mM phosphate buffer but with lower initial concentrations of Cya (100 and 

500 µg mL-1) with a final 1 % DMSO. In addition, another experiment with Cya (500 µg 

mL-1) was carried out but the DMSO percentage was increased to 5%. Samples were 

injected on HPLC to quantify Cya at different time points. 

Cya degraded over 24 h in the three experimental vials. No precipitation was formed in 

the vial containing 100 µg mL-1 with 1 % DMSO as well as in the vial containing 

500 µg mL- 1 with 5 % DMSO (Figure 5. 14A and B). However, in the vial containing 

500 µg mL-1 with 1 % DMSO, a dark blue precipitate was formed (Figure 5. 14C). Again, 

the main peak gave a mass of 290 when the precipitate was resuspended and injected onto 

the HPLC-MS.  

 

Figure 5. 14. Pictures of incubated authentic Cya (with different concentrations and with different 

% of DMSO) in phosphate buffered solution (100 mM) at 24 h. 

A: 100 µg mL-1 and 1% DMSO, B: 500 µg mL-1 in 5% DMSO, and C: 500 µg mL-1 in 1% DMSO. 

 

 

 

A B C 
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The effect of the medium buffer capacity  

Having observed that the initial concentration and the DMSO percentage are crucial for 

Cya solubility and thus for investigation of the spontaneous degradation of 

anthocyanidins. The pH of the medium is also critical and known to influence the 

spontaneous degradation of both anthocyanins and anthocyanidins 246. Further work was 

carried out to investigate the spontaneous degradation under the physiological condition 

(at neutral pH). However, maintaining the pH at neutral pH was essential over the 

incubation time. Therefore, different phosphate buffered solutions with different 

buffering capacity strengths were investigated. To examine this, an initial concentration 

of 150 µM of Cya was incubated in different solutions with different buffer capacities 

over 20 h (Figure 5. 15). The solutions were as follows: (i) water with no buffering 

capacity, (ii) colon model media with 0.5 mM buffering capacity, (iii) phosphate buffer 

with 10mM buffering capacity and (iv) phosphate buffer with 100 mM buffering capacity.  

Samples were taken over time and injected on HPLC-MS to quantify Cya over time. 

Visually, the colour of the solution in vials was slightly different in particular between 

the colour of the phosphate buffer solution and the colour in colon model media. 

However, in all experimental vials, Cya degraded over time and no Cya was detected at 

20 h injections. However, the pH was measured at 20 h incubation for all vials: water, 

colon model media, 10 mM phosphate buffer, 100 mM phosphate buffer which showed 

pH of 4.0, 5.0, 6.8 and 7.4, respectively. This showed that the degradation process and 

the breakdown products tend to decrease the pH of the medium. But with a higher 

capacity buffer, the medium system maintains the pH value at physiological pH (neutral) 

as it occurred with 100 mM phosphate buffer.  
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Figure 5. 15. The spontaneous degradation of Cya (150 µM, with 1.5% DMSO) in different media 

with different buffer capacities at 0 and 20 h. 

 A: in water (no buffer capacity, pH 7.0), B: in colon model media (0.5mM buffer capacity, pH 7.0), C: in 

phosphate buffer (100 mM, pH 7.4), and D: in phosphate buffer (10 mM, pH 7.4). 

  

 

 

 A B C D 

Time=0 h 

 

Medium water Colon model media Phosphate buffer Phosphate buffer 

Buffer capacity -- 0.5 mM 100 mM 10 mM 

initial pH 7.0 7.0 7.4 7.4 

Time=20 h 

 

pH at 20 h 

       ~  4.0                     ~  5.0                     ~  7.4                    ~  6.8 
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The effect of the medium pH  

The effect of two different medium pHs (6.8 and 7.4) was investigated. To examine this, 

an initial Cya concentration of 222 µM was incubated in two phosphate-buffered 

solutions with different pH (6.8 and 7.4 h) over 12 h in HPLC autosampler at 37°C. 

(Figure 5. 16).  Samples were injected by setting up the autosampler for auto injections 

to quantify Cya over 12 h. 

Cya was degraded spontaneously over the time course (Figure 5. 16). Cya was degraded 

faster in phosphate buffered solution with high pH (7.4) than in solution with pH 6.8. For 

example, the initial spontaneous decline rate was 93.3 µM/h in a pH 7.4 solution, whereas 

it was 31.3 µM/h in a pH 6.8 solution. In addition, after 12 h incubation, 31.9 µM of Cya 

was detected in higher pH of 6.8 while 12.9 µM was detected in a buffered solution with 

pH 7.4. 
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Figure 5. 16. The spontaneous degradation of Cya (222 µM, with 3% DMSO) in two phosphate 

buffered solutions with different pH (6.8 and 7.4) over 12 h at 37°C. 
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5.4.8. The spontaneous degradation of anthocyanidins: Cya and Del 

In the previous section, the matrix of the medium, the initial concentration of 

anthocyanidins, the medium buffer capacity, and the pH of the solution showed 

substantial effects on the spontaneous degradation of anthocyanidins (Cya) and thus the 

experiment was designed based on findings in the previous section. Therefore, a 100 mM 

phosphate buffer and initial concentration of anthocyanidins (Cya or Del) of 100 µg mL- 1 

in 3% DMSO, were chosen to investigate the spontaneous degradation of authentic 

compounds of Cya and Del under the physiological conditions (pH 6.8 and 7.4 and 37°C).   

Cya and Del were declined over the time course (Figure 5. 17). The initial kdeg over the 

first 3 h was relatively slower for Cya (24.8 µM/h) than Del (27.6 µM/h). However, at 12 

h, 85 % of Cinitial of Cya was degraded and 81% of Cinitial of Del was degraded. Various 

breakdown phenolics formed during the time course incubation. For example, PCA and 

PGA produced in the presence of Cya, whereas gallic acid, PGA, and 3-O-gallic acid 

formed in the presence of Del. 

In regards to Cya breakdown production, the B-ring-derived PCA was shown to be 

increased over time and reached a Cmax of 17.4 µM at 12 h. PGA, the A-ring product, was 

also increased over time to reach its Cmax of 4.2 µM at 12 h. However, in the presence of 

Del, the B-ring gallic acid increased over time but only reached its Cmax of 1.2 µM at 12 

h. However, although the A-ring PGA product increased, the increase was over 4.5 h 

(Cmax of 3.1 µM) and then declined to 2.7 µM at 12 h. Furthermore, 3-O-methylgallic acid 

was produced and consistently increased over the time course to reach its Cmax of 3.7 µM 

at 12 h. 

Other unknown peaks were formed during the incubation of both Cya and Del in 

phosphate buffer (pH 6.8). However, their MS properties of ion fragments were used to 

tentatively identify these corresponding compounds. 
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Figure 5. 17. The spontaneous degradation of Cya with Cinitial of 100 µg mL-1 (222 µM) (A) and Del with Cinitial of 100 µg mL-1 (330 µM) (B) at physiological 

condition (neutral pH; 37˚C) in phosphate-buffered solution. 
A phosphate buffer (10mM K phosphate, pH 6.8) was prepared and autoclaved. On the day of the experiment, a fresh stock solution (SS) of anthocyanidin (1 mg/mL) 

was prepared by dissolving 1 mg of the authentic compound in 1 mL DMSO. In a 1mL HPLC vial, 100 µL of SS was added to 900 µL phosphate buffered solution to 

give a final Cya concentration of 222 µM (or 330 µM; Del), then immediately the experimental vial was incubated in LC-DAD autosampler at 37°C and then injections 

were carried out at the times shown in the figure (every 90 min) to determine the Cya (or Del) concentration. External standard curve of serial concentrations of Cya 

(Or Del) was prepared in acidified phosphate buffer (4% v/v formic acid).  Each experiment was carried out once. 
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5.4.9. Identification of breakdown products of the spontaneous 

degradation of Cya and Del 

The breakdown products of Cya and Del were identified by observing new peaks on DAD 

at different wavelengths (250, 280, 330, 370 nm) (Figure 5. 18 and Figure 5. 19). In 

addition, all corresponding masses of these new peaks were identified through MS 

detector. The analysis of breakdown species showed that, in both anthocyanidins (Cya 

and Del), the formation of chalcones, chalcone α-diketones and chalcone anionic forms 

are the main peaks of the classic pH-dependent transformation of the flavylium form of 

anthocyanidins into other intermediates (Table 5. 5 and Table 5. 6). Other peaks appeared 

which corresponded to polymers of these intermediates together and/or with oxygen or 

H2O. The putative mechanism is that the formation of these intermediates occurred when 

the flavylium form was converted to the hemiketal form (addition of OH) after 

nucleophilic attack by water molecules (H-O-H) on C2 in C-ring. Due to the neutral pH 

of the medium, hemiketal lost more hydrogen atoms from its hydroxylic groups to 

transform the hemiketal anionic form (unstable form). As a result, rearrangement 

occurred on B-ring of the molecule which decreased the stability of C2 on C-ring.  This 

instability led to two possible fissions on the hemiketal structure. The first cleavage 

occurred on C-ring between O1 and C2 to give chalcone, chalcone α-diketones and their 

anionic forms (2H loss). The other possible pathway was after the cleavage happened 

between C2 and C1’ forming coumarin (mass of 194). Later all these previously 

mentioned intermediates underwent a series of oxidation process in the presence of the 

atmospheric oxygen forming low molecular weight phenolic compounds such as PCA, 

PGA, PGCA, dihydroxyphenylacetic acid, dihydroxyphenyl-oxo acetic acid and 

trihydroxyphenyl-oxo acetic acid from Cya. Similar phenolics formed from Del 

degradation (because they originated from A-ring) were PGA, PGCA, and 

trihydroxyphenyl-oxo acetic acid but other B-ring phenolics were identified as gallic acid 

and 3,4,5-trihydroxyphenyl-oxo acetic acid. However, another B-ring phenolic was 

identified as 3-O-methylgallic acid but the substitution of the methyl group on the 

hydroxy group on B-ring was proposed to be formed during the proposed transformation 

mechanism of the Del hemiketal especially into the anionic forms where the structure is 

very highly reactive and likely reacts with other components in the medium. 
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Figure 5. 18. DAD chromatogram λ (280 nm) of the incubation of 100 µg mL-1 (222 µM) Cya at 0, 6 and 12 h incubation in a 100 mM phosphate buffer (pH 6.8) 

at 37°C showing the decomposition of Cya with the formation of new breakdown products. 
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Table 5. 5. Identification of Cya and its putative spontaneous breakdown products during aerobic 

incubation in phosphate buffer pH 6.8 at 37°C. 

 

Peak 
RT 

(min) 

Mass 

(amu) 

Parent ion 

m/z [M-H]- 

In-source 

fragment ions 

m/z [M-H]- 

Identified compound 

1 20.0 287 285 125 Cya  

2 23.4 602 601 329, 207 2 Cya chalcone anionic 

3 22.1 618 617 333, 287, 197 2 Cya chalcone anionic + O 

4 21.8 652 651 587 Unknown (dimer) 

5 19.5 304 303 181, 165 Cya chalcone  

6 19.1 364 363 
587, 303, 183, 

131 
Cya chalcone + 4O 

7 18.3 302 301 191, 179, 151 Cya chalcone anionic 

8 18.0 304 303 181, 151, 125 Cya chalcone α-diketone 

9 17.8 350 349 331, 317 Cya chalcone anionic + 3O 

10 17.3 302 301  Cya chalcone anionic 

11 16.9 604 603 319, 183, 169 2 Cya chalcone anionic  

12 14.7 604 603 331, 303, 179 2 Cya chalcone α-diketone 

13 13.9 304 303 195, 167 
Cya chalcone or Cya 

chalcone α-diketone 

14 12.4 334 333 301, 167 Cya chalcone anionic + 2O 

15 11.0 570 569 333, 331, 165 Unknown  

16 9.7 154 153  PGA 

17 8.4 194 193 587, 177, 165, 

153 

Coumarin 

18 7.3 320 319 167, 165 Cya chalcone anionic + 

H2O 

19 6.9 320 319 165 Cya chalcone + O 

20 4.4 170 169 151 PGCA 

21 3.7 154 153 109 PCA 

22 3.3 198 197 153, 139, 123 Unknown 

23 2.4 184 183 
177, 165, 139, 

129 

2,4,6-

trihydroxyphenylacetic acid 

24 1.7 182 181 177, 137, 109 

3,4-

dihydroxyphenyloxoacetic 

acid  

25 1.4 198 197 177, 125 

2,4,6-

trihydroxyphenyloxoacetic 

acid 
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Figure 5. 19. DAD chromatogram λ (280 nm) of the aerobic incubation of Del at 0, 6 and 12 h incubation in a 100 mM phosphate buffer (pH 6.8) at 37°C 

showing the decomposition of Del with the formation of new breakdown products.
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Table 5. 6. Identification of Del and its putative spontaneous breakdown products during aerobic 

incubation in phosphate buffer pH 6.8 at 37°C 

Peak 
RT 

(min) 

Mass 

(amu) 

Parent ion 

m/z [M-H]- 

In-source 

fragment ions 

m/z [M-H]- 

Identified compound 

1 17.50 303 301 191, 153 Del 

2 18.9 618 617 301 2 Del + O 

3 18.5 650 649 301 2 Del + 4O 

4 16.1 620 619 319, 301, 174 Del chalcone anionic + Del + H+ 

5 13.2 366 365 
347, 319, 315, 

179 
Del chalcone anionic + 3O 

6 10.4 320 319 153 
Del chalcone or Del chalcone 

α- diketone 

7 10.0 154 153  PGA 

8 9.6 382 381 331, 319, 317 Del chalcone α- diketone + 4O 

9 9.3 318 317 191 Del chalcone anionic 

10 8.8 516 515 275, 319, 211 Del chalcone anionic + 198  

11 8.5 194 193 153 Coumarin 

12 7.8 394 393 361, 319 Del chalcone + 74  

13 7.1 184 183 125, 124 3-O-methylgallic acid (B-ring) 

14 6.7 348 347 319, 317 Del chalcone anionic + 30  

15 5.1 368 367 317, 179, 153 Del chalcone α- diketone + 3O 

18 4.6 170 169 151 PGCA 

16 3.3 198 197 
177, 153, 137, 

122 

3,4,5-trihydroxyphenyloxoacetic 

acid 

17 2.7 602 601 301, 177 2 Del (dimer) 

18 2.1 170 169 125 Gallic acid 

19 1.9 178 177 165, 137, 129 Unknown 

20 1.4 198 197 177, 125 
2,4,6-trihydroxyphenyloxoacetic 

acid 
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5.5. Discussion 

The overall aim of this chapter was to investigate the spontaneous degradation of 

anthocyanins and their aglycones (anthocyanidins) and to relate the spontaneous 

degradation of anthocyanins to their metabolism by the human faecal microbiota.  

The main findings in this chapter were that (i) at neutral pH, anthocyanins (Cya3Glc) and 

anthocyanidins (Cya and Del) underwent a classic pH-dependent transformation to form 

colourless intermediates (hemiketal, hemiketal ketone, chalcone, chalcone anionic forms, 

(ii) only in the presence of atmospheric oxygen, the formed pH-dependent intermediates 

underwent a series of auto-oxidative processes, forming different simple phenolic 

compounds (iii) the spontaneous kdeg of Cya3Glc was faster in colon media than in 

phosphate buffer, and during aerobic than anaerobic incubations, (iv) the experiment 

matrix, initial concentration of anthocyanidin, pH value, and the medium buffering 

capacity are crucial factors which considerably affected the spontaneous kdeg of 

anthocyanidins and thus the appearance of their breakdown products. 

Anthocyanins are stable in an acidic environment; therefore, anthocyanins stay in the 

flavylium form [M+]. At neutral pH, flavylium form is prone to structural changes. 

However, some studies proposed that there are two pathways for the spontaneous 

degradation of anthocyanins: (i) deprotonation (very fast process) where the flavylium 

cation lose protons (H+) to form quinoidal base and then quinoidal anionic base and (ii) 

hydration (relatively slow process) where the structure forms hemiketal and chalcone 

80,81,83,246,247. Although these studies were focused on the effect of the pH changes on 

anthocyanins, they have not considered the effect of atmospheric oxygen.  However, in 

this chapter aerobic and anaerobic spontaneous degradation of anthocyanins at neutral pH 

were investigated in more detail.  

Under colonic conditions (anaerobic, neutral pH, 37°C), Cya3Glc showed a classic pH-

dependent degradation where the flavylium cation structure underwent structural 

transformation (hydration process) (Figure 5. 20) mainly in three steps: (i) the 

nucleophilic attack at C2 position on C-ring by H2O forming Cya hemiketal-Glc (carbinol 

pseudobase, m/z[M-H]- 465), (ii) structure transformations, then (iii) structural fission 
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occurred on C-ring between O1 and C2 to give Cya chalcone-Glc (m/z [M-H]- 465) as cis 

isomer, and its anionic forms by losing 2H (m/z[M-H]- 463). It was demonstrated 

previously that cis isomers are high-energy structures, therefore these intermediates 

undergo structure relaxation to be converted to trans isomers 81. The later intermediates 

underwent another fission between C2 and C3 to form 2,4,6-trihydroxyethenylbenzene-

Glc (m/z[M-H]- 329). However, almost all previous studies had investigated the 

spontaneous degradation of anthocyanins in the presence of atmospheric oxygen 

78,82,87,248–252. Therefore, to the best of my knowledge, this was the first time to report the 

anaerobic spontaneous degradation of anthocyanins (Cya3Glc).  
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Figure 5. 20. Postulated mechanism of the anaerobic spontaneous degradation of cyanidin-3-O-

glucoside (Cya3Glc).  
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In aerobic conditions, Cya3Glc also underwent classic pH-dependent transformation 

(hydration process). However, there was a substantial increase in the number of 

breakdown products formed under aerobic compared to anaerobic conditions (Figure 

5.21). In the presence of atmospheric oxygen, Cya3Glc underwent a series of oxidation 

processes which included ring fissions (e.g., three in the C-ring between O1-C2, then 

between C2-C3 and C3-C4, and another between the C- and B-rings at C2-C1′). These 

gave rise to various intermediates including (i) Cya chalcone anionic-Glc + 2 O (RT 7.6, 

m/z[M-H]-  495), (ii) dimer of Cya chalcone-Glc and Cya chalcone anionic-Glc (RT 14.9, 

m/z[M-H]- 929), (iii) coumarin-Glc (RT 6.4, m/z[M-H]- 355), (iv) 

trihydroxyethenylbenzene-Glc (RT 3.3, m/z[M-H]- 329), and (v) phloroglucinol aldehyde 

(RT 9.7, m/z[M-H]- 153). In addition, accumulation of phenolic acids such as 2,4,6-

trihydroxyphenyloxo acetic acid (RT 1.4, m/z[M-H]- 197), 2,4,6-trihydroxyphenylacetic 

acid (RT 2.3, m/z[M-H]-  183), dihydroxyphenyl-oxo acetic acid (RT 1.7, m/z[M-H]-  

181), and protocatechuic acid (RT 3.7, m/z[M-H]- 153) occurred across the time-course 

and suggested that these were the last detectable breakdown products of aerobic 

spontaneous degradation of Cy3Glc. 

In the presence of atmospheric oxygen, the Cya3Glc intermediates underwent further 

series of auto-oxidation processes (Figure 5. 21) including early-stage fission between 

C2 and C1’ to form coumarin-Glc (m/z[M-H]- 355) which was previously suggested by 

Brouillard and others248. In agreement with the literature, PCA (B-ring product) and PGA 

(A-ring product) were identified as spontaneous degradation species from Cya3Glc 38,87. 

In agreement, two reports reported that 2,4,6-trihydroxypheylacetic acid and coumarin-

Glc were putatively identified based on their mass of m/z[M-H]- 183 and 355, 

respectively245,251. However, for the first time, two potential phenolics were monitored 

and identified based on their appearance over time and, based on the mass fragment ions 

(Figure 5. 9B-D), they were interpreted as 3,4-dihydroxyphenyloxoacetic acid (m/z[M-

H]- 181) and 2,4,6-trihydroxyphenyloxoacetic acid (m/z[M-H]- 197).  
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Figure 5. 21. Postulated mechanism of the aerobic spontaneous degradation of cyanidin-3-glucoside 

(Cya3Glc) during the incubation in 10mM phosphate buffer (6.8 and 7.4 pH) at 37°C.  
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The recovery of formed phenolics from Cya3Glc or Cya was calculated on the basis that 

stoichiometric conversion of one mole of parent compound will give rise to one mole 

each of B-ring and A-ring phenolic compounds. However, the quantified PCA (B-ring) 

and PGA (A-ring) accounted for no more than 30 % of the initial concentration of 

Cya3Glc or Cya.  This was in contrast to Kay and others who reported that the recovery 

of Cya3Glc or Cya was equivalent to the PCA and PGA recovered; although, another 

study reported that the recovery of Cya3Glc or Cya when quantified on a molarity basis, 

PCA and PGA contributed to no more than 20% of the initial concentration of the parent 

compounds87. However, based on our results and the report by Woodward and others 87, 

the rate of decline of Cya3Glc was slower in water (lack of pH control) compared to the 

phosphate buffer solution. This suggested that a drop in pH occurred during the formation 

of the breakdown products (especially with carboxylic groups) which consequently 

increased the anthocyanin stability. In addition, the appearance of these phenolics might 

play an important role in anthocyanin stability by forming polymers with anthocyanins, 

or bonding to parent compound, which protects anthocyanins from autoxidation by a 

steric effect and/or a synergistic effect where the latter is common within phenolic 

compounds 253.  

Here it can be concluded that the spontaneous degradation of anthocyanin and/or 

anthocyanidins follows kinetic degradation where the reaction rate is slower when the 

concentrations of breakdown products increase, whereas the rate of the reaction is faster 

when the concentrations of the breakdown products decrease. The disappearance of 

formed breakdown products was confirmed when another injection was carried out from 

the same experimental vial after two weeks of incubating Cya3Glc in phosphate buffered 

solution which showed the complete disappearance of Cya3Glc as well as the formed 

breakdown products. This confirmed that the phenolics originating from anthocyanins 

underwent a destructive process (mainly auto-oxidation) until they were converted to 

simple aliphatic chain compounds. Therefore, it would be a challenge to quantify the 

equivalent recovery of breakdown phenolics from the anthocyanin in a system at a 

specific time, even if the new phenolic acids (di- and tri-hydroxyphenyl-oxo-acetic acids) 

were included in the quantification.    
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Other peaks with higher masses (i.e., 768, 928, and 766 amu) than the mass of Cya3Glc 

(449 amu) were observed during the spontaneous degradation of Cya3Glc. These masses 

were identified as dimers consisting of formed intermediates (especially with the highly 

active intermediate, Cya chalcone anionic-Glc). For example, during the incubation of 

Cya3Glc in aerobic and anaerobic condition, a mass of 928 was detected which is 

equivalent to 2M of Cya chalcone anionic-Glc dimer.  However, only in the presence of 

oxygen, the formation of a mass of 496 was observed over time with high intensity. This 

suggests the intermediate (Cya chalcone anionic-Glc) is bonded to two molecules of 

oxygen (mass 464 + 32). 

Other masses were investigated based on the literature 81,246,252 such as mass 482 

(Cyanone), 320 (Cyanone aglycone), 449 (Cya quinoidal base-Glc), and 447 (Cya anionic 

quinoidal base-Glc) but these masses were not detected. However, the mass of 344 (amu) 

was detected as 5 different peaks with retention times as 4.7, 5.1, 5.4, 6.0, and 6.2. These 

masses are putatively correspond to different isomers of the same compound (Dihydroxy-

oxo-cyclohexa-dienylacetyl-Glc) which was previously suggested as anthocyanone A by 

Vallverdú-Queralt and others as A-ring species254. 

Anthocyanidins were also investigated (Figure 5. 22 and Figure 5. 23). In the presence 

of atmospheric oxygen, Cya degraded spontaneously faster compared to Cya3Glc with 

85.6 % and 42% of the initial concentration disappearing at 12 h, respectively. The sugar 

moiety increase the stability of anthocyanin aglycone 38,87. At the early stages of 

degradation, Cya and Del underwent pH-dependent degradation (hydration process) 

forming intermediates: hemiketal, hemiketal ketone, chalcone, chalcone α-diketone, and 

their anionic forms (Figure 5. 22 and Figure 5. 23). Further autooxidation reactions 

occurred to breakdown these intermediates into simple phenolic compounds. For 

example, in both Cya and Del experiments, cleavage took place between C2 and C1’ of 

the hemiketal ketone to form coumarin (A-ring, mass =194). Other A-ring phenolics 

appeared from both anthocyanidins and they included 2,4,6-trihydroxyphenyloxoacetic 

acid (mass=198), PGCA (mass=170), PGA (mass=154). However, the mass of 184 (amu) 

was only detected in the experiment of Cya and Cya3Glc which indicated it is a Cya 

breakdown product. Gallic Acid (mass=170) was detected from Del as B-ring phenolic, 

whereas PCA (mass=154) from Cya and Cya3Glc. Another mass of 182 (amu) was 
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observed in Cya and Cya3Glc which was tentatively interpreted as 3,4-

dihydroxyphenyloxoacetic acid. On the other hand, a mass of 198 (amu) was detected 

from Del which might correspond to 3,4,6-dihydroxyphenyloxoacetic acid (B-ring). 

Surprisingly, a high peak at RT 7.1 was observed and quantified as 3-O-methylgallic acid 

authentic compound and mass fragment ions (m/z[M-H]- 169 and 125). This observation 

might suggest that the B-ring methylation substitution occurred on the hydroxy group of 

the B-ring. It is possible also that it happened during the pH-depended transformation 

where the formed intermediates are highly active especially such as the chalcone anionic 

forms where the B-ring hydroxy group loss proton (Figure 5. 22 and Figure 5. 23).  

These anthocyanidin breakdown products were formed in the presence of atmospheric 

oxygen, however, the anaerobic spontaneous degradation of anthocyanidins was not 

investigated due to lack of time. However, it would be important for future work to 

investigate the anaerobic spontaneous degradation of anthocyanidins.  This will provide 

further knowledge on whether anthocyanins (i.e., Cya3Glc) only undergo a pH-dependent 

spontaneous degradation or the absence of the sugar moiety (as in anthocyanidins) 

contributing to a further degradation of anthocyanidins under the anaerobic degradation.  

Comparison between the formed breakdown products from the degradation of incubated 

anthocyanins and anthocyanidins in neutral pH at 37°C presented in Table 5. 7. This 

comparison showed that pH-dependent degraded compound is similar and occurred in the 

presence and absence of oxygen. Whereas the majority of detected breakdown products 

appeared in the presence of oxygen. In addition, some breakdown products appeared only 

in phosphate buffer solution.   
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Figure 5. 22. Postulated mechanism of the aerobic spontaneous degradation of 100 µg mL-1 

Cyanidin (Cya) incubated in 10mM phosphate buffer (6.8 pH) at 37°C.  
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Figure 5. 23. Postulated mechanism of the aerobic spontaneous degradation of 100 µg mL-1 

delphinidin (Del) incubated in 10mM phosphate buffer (6.8 pH) at 37°C. 
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Table 5. 7. Comparison between the formed breakdown products from the degradation of incubated anthocyanins and anthocyanidins in neutral pH at 37°C. 

No. Identified compound 
Mass 

(amu) 
Origin Which rings? Aerobic Anaerobic 

phosphate 

buffer 

colon 

media 

1 Cya hemiketal-Glc 466 Cya3Glc A & B Yes Yes Yes Yes 

2 cis/trans Cya chalcone-Glc 466 Cya3Glc A & B Yes Yes Yes Yes 

3 Cya hemiketal ketone-Glc 466 Cya3Glc A & B Yes No No Yes 

4 cis/trans Cya chalcone anionic-Glc 464 Cya3Glc A & B Yes Yes Yes Yes 

5 2,4,6-trihydroxyethenylbenzene-Glc 330 Cya3Glc A Yes Yes Yes Yes 

6 Coumarin-Glc 356 Cya3Glc A Yes No Yes Yes 

7 Dihydroxy-oxo-cyclohexa-dienyl acetyl-Glc 344 Cya3Glc A Yes No Yes Yes 

8 2,4,6-trihydroxyphenylacetic acid 184 Cya3Glc A Yes No Yes Yes 

9 Cya hemiketal 304 Cya A & B Yes Yes Yes - 

10 Cya Chalcone 304 Cya A & B Yes Yes Yes - 

11 Cya chalcone anionic 302 Cya A & B Yes Yes Yes - 

12 Cya chalcone α-diketone 302 Cya A & B Yes Yes Yes - 

13 Del hemiketal 320 Del A & B Yes Yes Yes - 

14 Del Chalcone 320 Del A & B Yes Yes Yes - 

15 Del chalcone anionic 318 Del A & B Yes Yes Yes - 

16 Del chalcone α-diketone 320 Del A & B Yes Yes Yes - 

17 3,4,5-trihydroxyphenyloxoacetic acid 198 Del B Yes No Yes - 

18 3-O-methylgallic acid 184 Del B Yes No Yes - 

19 Gallic acid 170 Del B Yes No Yes - 

20 Phloroglucinol aldehyde (PGA) 154 Cya3Glc & Cya & Del A Yes No Yes Yes 

22 2,4,6-trihydroxyphenyloxoacetic acid 198 Cya3Glc & Cya & Del A Yes No Yes Yes 

21 Protocatechuic acid (PCA) 154 Cya3Glc & Cya B Yes No Yes Yes 

22 2,4,6-trihydroxyphenylacetic acid 184 Cya3Glc & Cya A Yes No Yes Yes 

23 3,4-dihydroxyphenyloxoacetic acid 182 Cya3Glc & Cya B Yes No Yes Yes 

24 Coumarin 194 Cya & Del A Yes No Yes - 

25 Phloroglucinol carboxylic acid (PGCA) 170 Cya & Del A Yes No Yes - 
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In addition, various parameters had significant effects on the spontaneous degradation of 

Cya3Glc, Cya and Del.  Woodward and others reported that the spontaneous kdeg of 

anthocyanins and their aglycones were significantly different in water compared to those 

observed from incubations in phosphate buffered solution87. Similarly, Cya3Glc was 

shown to be degraded faster in colon model media compared to phosphate buffer, 

although the buffering capacity is lower in colon model media than in phosphate buffer, 

with 0.5 and 10 mM, respectively. This demonstrates that the other ingredients in colon 

model media may interact with anthocyanins and thus increases the kdeg which suggests 

that the anthocyanins and the formed intermediates are highly reactive and/or very 

sensitive compounds. Therefore, phosphate buffer is an ideal media for controlling the 

pH during the incubation, but it might not be the best representative for mimicking the 

medium of the gastrointestinal tract under physiological conditions.  

Additionally, the spontaneous degradation of Cya was also affected by the initial 

concentration. For example, a high concentration of Cya (1000 µg mL-1) was more stable 

in water but precipitated in phosphate buffer. The stability of a high concentration of Cya 

in water would be explained as polymer formation between Cya and its intermediates. 

However, this higher concertation of Cya precipitated in the presence of phosphate buffer 

may be due to the higher buffering capacity of this solution or some effect of high 

phosphate. This was further demonstrated by other experiments which showed that the 

increase of final DMSO % in the final volume of the experiment increased the solubility 

of anthocyanins. The buffering capacity of the medium was another important factor 

influencing the spontaneous degradation of anthocyanins. The lower buffering capacity 

solution (i.e., water and colon model media) showed decreases in pH values from 7.0 to 

~ 4.0 in the case of water and from 7.0 to ~5.0 in the case of colon model media. This 

decrease in pH increases the stability of anthocyanin and their aglycone 83,246,255. This was 

also further demonstrated when Cya showed a faster decline rate in phosphate buffered 

solution with pH 7.4 compared with the same solution but with a pH value of 6.8 (Figure 

5.15). Although anthocyanin bioavailability is very low, anthocyanin metabolites were 

shown to be more bioavailable than parent compounds 99, and there are claims that 

anthocyanin metabolites are responsible for delivering the health benefits of 

anthocyanins. Therefore, some recent studies have investigated the health benefits of 
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some anthocyanin metabolites. However, some factors should be considered when 

investigating the beneficial effects of anthocyanins such as concentration, temperature, 

pH, preparation of anthocyanins, and medium ingredients.  Nevertheless, a Cya 

metabolite, PCA, was shown to inhibit the development of esophageal cancer in rats 256. 

Forester and others also demonstrated that three anthocyanin metabolites, PGA 

(anthocyanin A-ring metabolite), gallic acid (Del B-ring metabolite), and 3-O-

methylgallic acid (Peo B-ring metabolite), reduce the human colon cancer cell viability 

257. Although the majority of the spontaneous metabolites are produced in aerobic 

condition, the gut microbial metabolites, which will be presented in the next chapter 

(Chapter 6), are different apart from PCA and PGA. Therefore, it is important to 

investigate the biological activity of the other spontaneous and microbial metabolites of 

anthocyanins in future. 

5.6. Conclusions 

At neutral pH, anthocyanins degrade spontaneously faster under aerobic conditions than 

anaerobic conditions and disappeared spontaneously faster in colon media than in simple 

buffered solutions. In aerobic and anaerobic conditions, anthocyanins underwent pH-

dependent transformations forming highly reactive intermediates. However, only in the 

presence of atmospheric oxygen, these intermediates were further degraded and 

transformed into simple phenolic compounds. Furthermore, the spontaneous degradation 

of anthocyanins and anthocyanidins was considerably affected by the experimental 

matrix, initial concentration of anthocyanidins, pH value, and the buffer capacity of 

medium. Phosphate buffer could be an ideal media for controlling the pH during the 

incubations, but it might not be the best representative for mimicking the medium of the 

human gastrointestinal tract under physiological conditions. It can be concluded that 

spontaneous degradation is critical, and all these factors should be considered in the 

biological investigations of the health-beneficial role of anthocyanins, in particular in-

vitro culture models which could lead to variations in results. The spontaneous 

degradation of anthocyanins is a nonenzymatic degradation which contributes to the 

production of anthocyanin breakdown products. However, the enzymatic pathways of 

anthocyanin metabolism by the human gut microbiota were investigated and presented in 

the next chapter (Chapter 6).
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Chapter 6: Elucidating metabolic 

pathways of colonic degradation of 

anthocyanins 

6.1. Abstract 

Background: Anthocyanin metabolites appearing in human blood and urine following 

consumption of penta-[13C]-labelled anthocyanins were shown to be present at orders of 

magnitude higher concentrations than the intact anthocyanin. However, it is not clear if 

these breakdown products are produced through spontaneous degradation or microbiota-

dependent transformation, or a combination of both. Having reported that the rate of loss 

of black rice and bilberry anthocyanins was considerably faster in the presence of live 

faecal inocula compared to autoclaved faecal inocula (Chapter 4) and the nature of the 

products of spontaneous degradation of anthocyanins (Chapter 5), the next step was to 

investigate the biotransformation of anthocyanins by the human gut microbiota. 

Objectives: (i) Identify and quantify microbiota-dependent metabolites over time during 

fermentation of black rice and bilberry anthocyanins; (ii) assess the inter- and intra-

individual variation in the formation of these anthocyanin-metabolites; (iii) elucidate the 

metabolic pathways of degradation of anthocyanins by the gut microbiota. 

Methods: Samples from experiments presented in chapter 4 were used to investigate the 

appearance of anthocyanin metabolites by the human gut microbiota.  Briefly, an in-vitro 

pH-controlled human colon model was used to incubate black rice and bilberry 

anthocyanin extracts with the human faecal slurries. UPLC-MS/MS was used to 

determine the concentration of anthocyanin metabolites over 24 h using a triple 

quadrupole mass spectrometer in multiple reaction monitoring (MRM) mode and 

searching for known and other predicted metabolites. 

Results: In the presence of gut microbiota, various black rice anthocyanin metabolites 

were detected that originated from the B-ring including 3,4-dihydroxyphenylacetic acid 

(DHPAA), protocatechuic acid (PCA), dihydroferulic acid, dihydrocaffeic acid, and 

catechol. In contrast, there were only two A-ring-derived metabolites 



 

Chapter Six 

 

190 

 

(phloroglucinaldehyde (PGA) and phloroglucinol carboxylic acid (PGCA)). Additional 

B-ring metabolites were identified from incubations of bilberry anthocyanins, including 

vanillic acid, gallic acid, syringic acid, PCA, and 3-O-methylgallic acid. Various 

microbial metabolic pathways were indicated such as [Cya3Glc→PCA→catechol], 

[Cya3Glc→PGA→PGCA→phloroglucinol], and [Cya3Glc→dihydroferulic acid→ 

dihydrocaffeic acid→4-methylcatechol]. In addition, the formation rate and the 

maximum concentration (Cmax) of the anthocyanin metabolites varied between donors and 

also between faecal samples collected from the same donor but on different days.  

Furthermore, it was feasible to use glycerol-frozen faecal stocks for reproducibility 

purposes, although the Cmax was lower compared to using fresh faecal samples. 

Conclusions and Future work: From the data presented in this chapter, different 

enzymatic reactions were involved in anthocyanin catabolism, such as deglycosylation, 

demethylation, oxidation, and decarboxylation. The production of the microbial 

anthocyanin metabolites such as catechol, dihydrocaffeic acid, dihydroferulic acid, and 

4-methylcatechol was completely microbiota-dependent, providing strong evidence that 

the gut microbiota is important for the metabolism of anthocyanins. Future research 

should focus on evaluating the biological effects of these anthocyanin-derived microbial 

metabolites.   

6.2. Introduction 

With the state of the art concerning knowledge of anthocyanin ring-fission metabolites 

and more specifically microbiota-dependent metabolites, the in-vivo human studies (such 

as that described in chapters 1 and 4) reported that anthocyanins degraded into various 

metabolites before passing through circulation. However, these reports detected 

conjugated derivatives (sulfates and/or glucuronides) of anthocyanin metabolites such as 

PCA-sulfates and PCA-glucuronide 37,99,121. The estimated concentrations of 

anthocyanin-derived metabolites were low compared to consumed anthocyanins, i.e. 12 

% was excreted after participants consumed 500 mg isotopically labelled Cya3Glc 100.  

Only one report by Vitaglione and others reported a higher recovery (44 %) of the B-ring-

derived PCA in plasma after 2 hours of consuming blood orange juice which contained 

Cya3Glc113. But they used the whole fruit in their intervention study which can be 
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misleading the results because not only anthocyanins, but other polyphenols normally 

exist in the fruit. This suggested that anthocyanins underwent through degradation 

process. This agreed with De Ferrars' report which reported that anthocyanin breakdown 

products and their metabolites are found in blood and urine at orders of magnitude higher 

concentrations than the intact anthocyanin with 12 % recovery of the initial dose of 13C 

in the urine sample 99. The aforementioned study identified the pharmacokinetic profiles 

of anthocyanin metabolites following the consumption of a 500 mg oral bolus dose of 

13C-labelled Cya3Glc. More importantly, a human study99 reported that traces of intact 

Cya3Glc was detected in faeces as well as its breakdown products (i.e., PCA and PGA) 

and their derived metabolites such as vanillic acid, ferulic acid, and caffeic aid. This 

indicated that the consumed anthocyanins are likely to enter the large intestine where they 

are subject to metabolism by the gut microbiota before they are excreted and/or 

reabsorbed into circulation 89. 

There are a few reports of the use of faecal samples in in-vitro investigations of the role 

of gut microbiota in anthocyanin metabolism and the identification of metabolites. These 

studies have used either animal faeces such as pigs and rats 89,96,240 or selected colon-

isolated strains 93,176. In a few reports, human faecal samples were used to represent the 

human gut microbiota, but the fermentation was carried out either in a simple phosphate 

buffer or a non-pH-controlled model was used for the incubations 88,91,173. As presented 

in chapter 4 and literature 157, controlling the in-vitro model pH is a critical variable that 

has a strong effect on human gut microbiota activity. Nevertheless, in the previous in-

vitro studies, PGA was reported as a A-ring degradant and various phenolic acids as a B-

ring degradant. For example, two reports reported that PCA was a major microbial-

derived B-ring metabolite from both Cy3Glc and Cya3Rut88,173. Furthermore, vanillic 

acid91 and syringic acid177 were identified as the major B-ring-derived metabolites from 

Peo3Glc and Mal3Glc, respectively. In this study, investigations of the formation of 

anthocyanin metabolites were carried out using a pH-controlled batch human colon model 

which was inoculated with different human faecal samples to assess intra- and inter-

individual variations in the formation of anthocyanin metabolites and their microbial 

pathways.  
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6.3. Objectives 

The overall aim of the research presented in this chapter and chapter 4 was to investigate 

the metabolism of dietary anthocyanins by the human gut microbiota in some detail. The 

role of the gut microbiota on the disappearance of anthocyanins was reported and 

discussed in Chapter 4. Whereas the focus of the research reported herein focused on the 

metabolic transformation pathways and the production of anthocyanin metabolites and 

their further metabolism. The in-vitro human colon fermentation was used as an 

experimental model and the metabolism of two sources of dietary anthocyanins (black 

rice and bilberry) was investigated. Therefore, the studies described in this chapter were 

focused on (i) Identifying and quantifying the black rice anthocyanin metabolites being 

produced during in-vitro colon fermentation in the presence as well as the absence of live 

human faecal microbiota; (ii) assessing the inter- and intra-individual variation in the 

appearance of microbial metabolites during the in-vitro colon fermentation of black rice 

anthocyanins; (iii) identifying and quantifying the microbial metabolites being produced 

during incubations of bilberry anthocyanin extract in the in-vitro colon fermentation, (iv) 

Determining the microbial metabolic pathways of anthocyanin degradation during the in-

vitro colon fermentations.  

6.4. Results 

All figures contain data that are the absolute concentrations as measured in the 

experimental samples. However, all the concentration values discussed within the text are 

those obtained after subtraction of the background concentrations at 0 h for each 

metabolite. 

6.4.1. The identification of anthocyanin metabolites  

An extensive list of phenolic compounds and other small organic compounds such as 

aldehydes were investigated as possible black rice anthocyanin metabolites and listed in 

a report by Percival258. These compounds in the list and others were chosen based on 

previously published reports 99. The shortlist in Table 6. 1 was chosen based on (i) the 

higher abundances of the peaks corresponding to phenolics in the extensive list after 

running samples from the colon model experiments, (ii) catabolites that were predicted to 



 

Chapter Six 

 

193 

 

arise from alternative C-ring fissions, and (iii) compounds that might be generated by 

various microbial metabolic processes such as oxidation, dehydrogenation, 

hydroxylation, or decarboxylation of the already identified compounds. For metabolite 

quantification, a separation method was developed in-house using a reverse-phase UPLC 

column (Percival, Jokioja and Kroon, unpublished) to monitor only specific mass/charge 

ratio (m/z) values of interest and therefore allow the detection of low concentrations. With 

assistance from Dr Saha, the acquisition method was set up on the QQQ-MS using MRM 

mode for the chosen phenolics by separately infusing the authentic phenolic compounds 

into the MS to confirm the retention times (RT) and to determine the parent mass ions, 

fragment (daughter) ions, the optimum collision energy (CE), and the best ionisation 

mode.  

All of the experimentally generated phenolic compounds had RTs that matched closely 

with the RTs of their corresponding authentic standards which, along with the observation 

of the parent and daughter ion masses at the same time, was strong evidence that the 

identifications were accurate (Table 6. 1; column 2 parentheses versus column 3).  

Although the ion peak for the authentic standard 3,4-DHPAA and the ion peaks for the 

3,4-DHPAA in the colon model samples gave the same mass [M-H] transitions (167, 123, 

95, and 41) which they were detected at slightly different RTs, namely 4.07 and 4.38 min, 

respectively (Figure 6. 2). This could be due to forming isomers of 3,4-DHPAA. 

Therefore, further investigation was carried out by testing isomeric compounds with the 

same mass (mass of 168) as 3,4-DHPAA, but the hydroxy groups on the benzene ring 

shifted into different positions, i.e., 2,4- or 2,5-DHPAA (Figure 6. 1) .However, these 

were detected at different RTs, 2.4 and 2.9 min for 2,4-DHPAA and 2,5-DHPAA, 

respectively. Therefore, I assume that 3,4-DHPAA may form ionic forms 259 during the 

colon model fermentations. 
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Table 6. 1. UPLC-MS/MS identification (MRM) of potential anthocyanin metabolites during the anaerobic in vitro human colon model fermentation. 

 Analytical standards Colon model compound identification with MRM ion transitions 

No. Metabolite, (RTmin)
a 

RTb 

(min) 

Mass 

(amu) 

Precursor 

ion 

m/z [M-H] 

CEc 

Product 

ion 

m/z [M-H] 

CEc 

Other product 

ions 

[M]- 

1 Pyrogallol, (2.63) 2.65 126.03 125.0 22 78.9 30 51.1 

2 Phloroglucinol, (2.28) 2.21 126.03 125.0 18 57.1 46 41.0 

3 Cinnamic acid, (7.46) 7.57 148.05 147.0 10 103.0 22 77.1 

4 Ferulic acid, (6.28) 6.28 194.06 193.0 18 134.0 10 178.0 

5 Sinapic acid, (6.28) 6.29 224.07 223.1 10 207.9 18 193.0 

6 4-Hydroxybenzaldehyde, (5.86) 5.87 122.04 121.0 35 92.0 46 119.9 

7 Vanillic acid, (5.41) 5.41 168.04 167.0 14 152.0 10, 22 123.3d, 107.9d 

8 5-Hydroxy ferulic acid, (5.62) 5.63 210.05 209.0 24 193.9 34 150.1 

9 4-Hydroxybenzoic acid, (4.88) 4.88 138.03 137.0 18 93.0 42 39.0 

10 Phloroglucinol aldehyde (PGA), (6.11) 6.11 154.03 153.0 14 151.0 26, 34 69.0, 41.0d 

11 Syringic acid, (5.57) 5.55 198.05 197.0 14 182.0 22 123.1 

12 Caffeic acid, (5.50) 5.51 180.04 179.0 22 134.9 34 106.9 

13 Gallic acid (1.56) 1.58 170.02 169.0 14 125.0 22 79.1 

14 3-O-methylgallic acid, (5.41) 5.41 184.04 183.0 30 123.9 34 78.1 

15 Protocatechuic acid (PCA), (3.12) 3.14 154.03 153.0 22 109.1d 26, 30 53.1, 90.9 

16 Phloroglucinol carboxylic acid (PGCA), (3.39) 3.41 170.02 169.0 14 150.9 20, 46 125.0d, 40.9 

17 Dihydrocaffeic acid, (5.33) 5.33 182.06 181.1 10 136.9 14 59.0 

18 Dihydroferulic acid, (6.14) 6.14 196.07 195.1 14 136.1 30 120.8 

19 3-Hydroxy benzoic acid, (4.88) 4.88 138.03 137.0 18 93.0d 26, 66 65, 41.1 

20 2,4-Dihydroxy benzoic acid, (2.44) 2.37 154.03 153.0 14 109.1d 18, 42 65.1, 41.0 

21 
3,4-Dihydroxyphenylacetic acid (3,4-DHPAA), 

(4.07) 
4.38 168.04 167.0 10 123.0 22, 34 95.0, 41.0 

22 Homovanillic acid, (5.55) 5.55 182.06 181.1 14 136.9d 14, 14 122, 104.9 

23 Catechol, (5.01) 5.03 110.04 109.0 18 91.0 18 53.0 

24 3,5-Dihydroxybenzoic acid, (2.13) 2.19 154.03 153.0 10 109.1 14, 22 67.0, 41.0d 
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25 3-Hydroxyphenylacetic acid, (5.39) 5.39 152.05 151.0 10 106.9 66 41.0 

26 3-(4-Hydroxyphenyl) propionic acid, (5.92) 5.92 166.06 165.1 10 120.9 14 59.0 

27 Protocatechualdehyde (PCAld), (5.23) 5.23 138.03 137.0 26 107.9 26, 50 92.0, 41.0 

28 2,4-Dihydroxybenzaldehyde, (6.31) 6.31 138.03 137.0 22 91.0 34, 46 65.0d, 41.0 

29 3,4-Dihydroxymandelic acid, (1.30) 1.30 184.04 183.0 18 120.9 14 137.1 

30 Ellagic acid, (6.17) 6.19 302.01 301.0 30 229.1 34 284.1 

31 Hippuric acid, (4.78)e 4.80 179.06 180.1 14 105.0 38 76.9 

32 p-Coumaric acid, (6.07) 6.07 164.05 163.0 14 119.0 34 93.0 

33 Isovanillic acid, (5.55) 5.55 168.04 167.0 18 107.9 10, 42 152.0, 90.9 

34 4-Methylcatechol, (6.26) 6.26 124.05 123.0 18 108.0 46, 66 65.0, 41.0 

35 4-Hydroxybenzylalcohol, (4.54) 4.54 124.05 123.0 22 104.9 42, 62 65.0, 41.0 
 

a The retention time (RT) of metabolites using authentic compounds. 

b The retention time (RT) of metabolites in the colon model samples. 

c Abbreviation for collision energy 

d This product ion was neglected in the MRM acquisition method and thus the quantification method. This is because the same product ion originated 

from two different precursor ions which cause interference giving a higher abundance than it should be. 

e The polarity mode for identification was positive m/z [M+H]+
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Figure 6. 1. The chemical structures of dihydroxyphenylacetic acid isomers. 

3,4-DHPAA (A), 2,4-DHPAA (B), and 2,5-DHPAA (C). 
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Figure 6. 2. Ms/Ms chromatograms of the ion currents for 3,4-dihydroxyphenylacetic acid (DHPAA). 

The mass pair of DHPAA 167-123-95-41 arising in the authentic standard (A) and in the colon model-derived samples (B), where A1 and B1 present the 

quantifier peak with RTs, A2 and B2 show the quantifier and qualifier ratios of the selective daughter fragment ions, and A3 and B3 present the mass spectrum 

for both compounds.
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6.4.2. The formation of anthocyanin metabolites during incubations of 

black rice anthocyanin extract in the human in-vitro colon model 

fermentations 

Briefly, batch colon model fermentation was used to incubate black rice anthocyanin 

extract (at low and high Cya3Glc concentrations of 66.8 and 133.6 µM, respectively) with 

a human faecal inoculum with both fresh and autoclaved faecal slurry. A control vessel 

containing non-autoclaved faecal slurry, but no black rice extract was also included in the 

experimental design. Samples were collected and then analysed using UPLC-MS/MS in 

MRM mode (i.e., searching for predicted metabolites). 

In both investigations of low and high concentrations of black rice anthocyanin extract, 

various metabolites in the presence of live faecal microbiota were detected (Figure 6. 3, 

Figure 6. 4, Figure 6. 5, Figure 6. 6). For example, PCA, PGA, 3,4-DHPAA, and catechol 

were the main black rice anthocyanin metabolites. Other metabolites were also detected 

in the presence of live faecal microbiota but at very low concentrations, namely PGCA, 

dihydrocaffeic acid, dihydroferulic acid, gallic acid, pyrogallol, and 4-hydroxybenzoic 

acid. The formation rates of the aforementioned metabolites showed significant inter- and 

intra-individual variations. 

Although the detected metabolites were similar in vessels incubated with low or high 

concentrations of black rice anthocyanins, the maximal concentrations (Cmax) of these 

metabolites were higher from vessels incubated with higher concentrations of black rice 

extract (Figure 6. 3, Figure 6. 5, and Figure 6. 6). Some metabolites such as PCA and 

DHPAA had background concentrations at 0 h. For example, PCA was detected in the 0-

h sample, particularly in samples collected from vessels treated with black rice extract 

powder. This showed that the black rice powder contained some phenolic compounds 

such as PCA (Figure 6. 3, Figure 6. 4, Figure 6. 5, and Figure 6. 6). 

Furthermore, in the vessels containing both live faecal microbiota and black rice extract, 

there were two types of metabolites (initial (or primary) and secondary metabolites) based 

on the time when they started to appear. The initial metabolites are the ones that were 

detected at early stages of incubation (within the first 4 h), reached their Cmax between 4 

and 10 h, and then most often declined thereafter (i.e., PCA, PGA, DHPAA, and 
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dihydroferulic acid). For example, PCA and PGA increased over time to reach Cmax 

between 6 and 8 h, then declined afterwards which likely indicated further steps of 

metabolism. DHPAA also increased over time at high rates in the first 8 h of incubation, 

afterward the rate of production or decline was significantly different depending on 

different faecal samples. In contrast, the secondary metabolites such as catechol, PGCA 

and dihydrocaffeic acid appeared at later stages of incubation after 6 or 8 h, and their Cmax 

was usually observed between 20 and 24 h (Figure 6. 3, Figure 6. 4, Figure 6. 5, and Figure 

6. 6). Catechol did not appear initially in the first 6 or 8 h of incubation while it showed 

to be increased consistently over time between 8 and 24 h, indicating that catechol is a 

secondary product.  

Moreover, dihydrocaffeic acid and dihydroferulic acid appeared only in the vessels 

containing both live bacteria and black rice extract, but they were detected at very low 

concentrations. Dihydroferulic acid increased in the initial stages in all experiments to 

reach Cmax between 6-8 h (Figure 6. 3, Figure 6. 4, Figure 6. 5, and Figure 6. 6), then either 

stayed at the same concentration or slightly decreased. Whereas dihydrocaffeic acid was 

detected only in two experiments at very low concentrations (Figure 6. 3 and Figure 6. 4) 

and it only appeared at later stages of the incubation and reached its Cmax at the end of the 

incubation (20-24 h). 

In the vessels containing both autoclaved faecal samples and black rice extract, the 

appearance of the majority of the metabolites plateaued or slightly decreased. However, 

PCA slightly increased between 4-6 h (Figure 6. 3, Figure 6. 5, and Figure 6. 6). 

Additionally, 4-hydroxybenzoic acid slightly increased after 8 h incubation in the 

autoclaved faecal sample. PGA did not increase (Figure 6. 3 and Figure 6. 6). Furthermore, 

DHPAA was massively increased at 24 h in two experiments (Figure 6. 3 and Figure 6. 4). 

However, in the other two experiments (Figure 6. 3, Figure 6. 5, and Figure 6. 6), DHPAA 

was not elevated in the vessels containing autoclaved faecal slurry.  

Gallic acid was detected at low concentrations in all vessels (control, black rice treated 

with fresh slurry, and black rice treated with autoclaved faecal slurry). At 0 h, however, 

the gallic acid concentration was much higher in vessels with autoclaved faecal slurry 

than in vessels containing fresh faecal slurries (both control and black rice-treated 

vessels). However, in both vessels containing live faecal slurries, gallic acid slightly 
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increased over time to reach the Cmax between 4 and 8 h incubation. Afterwards, gallic 

acid either declined or remained at the same concentration over time. On the other hand, 

in vessels containing autoclaved faecal slurry, gallic acid concentration remained 

unchanged over the 24 h incubation or slightly declined. In addition, pyrogallol was only 

formed in the presence of live faecal microbiota (in both control and black rice-treated 

vessels), but the formation of pyrogallol started at later time of incubation (8 h). This 

indicated that pyrogallol is a secondary metabolite. Since it appeared in both vessels 

containing live faecal slurry (control and black rice treatment vessels), pyrogallol is not a 

black rice anthocyanin metabolite. However, it’s appearance correlates with gallic acid 

since both compounds were formed over time only in the presence of live faecal 

microbiota. Conversely, 4-hydroxybenzoic acid was detected in control black rice-treated 

vessels, regardless of whether the vessels were inoculated with fresh faecal or autoclaved 

faecal slurries. In the presence of live faecal microbiota, the appearance of 4-

hydroxybenzoic acid was in the early stage of incubation (from 2 to 6 h), but it appeared 

at a later time in the presence of autoclaved faecal slurries (Figure 6. 6).  

Thus, seven metabolites were shown to be microbiota-dependent metabolites which 

originated from the black rice anthocyanins. In accordance with the chemical structure of 

the Cya3Glc and the substitution of hydroxyl groups on the A and B rings, the A-ring-

derived metabolites were PGA and PGCA, whereas the B-ring-derived metabolites were 

PCA, DHPAA, catechol, dihydrocaffeic acid, and dihydroferulic acid.  

The analysis of black rice anthocyanin extract powder (presented in chapter 4) showed 

that the powder contains phenolic (anthocyanins) as well as non-phenolic contents. The 

anthocyanin (phenolic content) content was 38 % w/w (predominantly 88 % Cya3Glc and 

6 % Peo3Glc). Therefore, the investigation of pure authentic anthocyanins was carried 

out to further confirm the production of A- and B-rings metabolites from Cya3Glc as well 

as Peo3Glc. The results are presented in the next section. 



 

Chapter Six 

 

201 

 

0 4 8 12 16 20 24

0

5

10

15

20

25

30

35

Incubation time (h)

C
o
n

ce
n

ta
rt

io
n

 (


M
)

A

0 4 8 12 16 20 24

Incubation time (h)

B

0 4 8 12 16 20 24

Incubation time (h)

C

PCA

PGA

Catechol

Dihydroferulic acid

Dihydrocaffeic acid

Pyrogallol

DHPAA

4-hydroxybenzoic acid

PGCA

Gallic acid

 

Figure 6. 3. The formation of anthocyanin metabolites during batch colon model fermentation over 24 h by using a low concentration of black rice 

anthocyanin (66.8 µM Cya3Glc). 

Black rice extract (18 mg, containing 33.36% w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to colon model vessels pre-filled with 

sterile media (89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration of 66.8 

µM (30 µg/mL) (B). Similar vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry (C). Control vessels contained fresh 

faecal inoculum and media, but no black rice extract (A). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at 

the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using UPLC-

MS/MS to determine concentrations of anthocyanin metabolites. The data shown are for 1 replicate incubation using a single donor faecal sample: donor 01 – 

S1 (n=1).  
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Figure 6. 4. The formation of anthocyanin metabolites during batch colon model fermentation over 24 h by using a low concentration of black rice 

anthocyanin (66.8 µM Cya3Glc). 
Black rice extract (18 mg, containing 33.36% w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to colon model vessels pre-filled with 

sterile media (89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration of 66.8 

µM (30 µg/mL) (B). Similar vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry (C). Control vessels contained fresh 

faecal inoculum and media, but no black rice extract (A). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at 

the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using UPLC-

MS/MS to determine concentrations of anthocyanin metabolites. The data shown are for 1 replicate incubation using a single donor faecal sample: donor 01 – 

S5 (n=1).  
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Figure 6. 5. The formation of anthocyanin metabolites during batch colon model fermentation over 24 h by using a high concentration of black rice 

anthocyanin (133.6 µM Cya3Glc). 

Black rice extract (18 mg, containing 33.36% w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to colon model vessels pre-filled with 

sterile media (89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration of 

133.60 µM (60 µg/mL) (B). Similar vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry (C). Control vessels contained 

fresh faecal inoculum and media, but no black rice extract (A). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected 

at the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using 

UPLC-MS/MS to determine concentrations of anthocyanin metabolites. The data shown are for 1 replicate incubation using a single donor faecal sample: donor 

01 – S3 (n=1).  
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Figure 6. 6. The formation of anthocyanin metabolites during batch colon model fermentation over 24 h by using a high concentration of black rice 

anthocyanin (133.6 µM Cya3Glc). 

Black rice extract (18 mg, containing 33.36% w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to colon model vessels pre-filled with 

sterile media (89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration of 133.6 

µM (60 µg/mL) (B). Similar vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry (C). Control vessels contained fresh 

faecal inoculum and media, but no black rice extract (A). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at 

the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using UPLC-

MS/MS to determine concentrations of anthocyanin metabolites. The data shown are for 1 replicate incubation using a single donor faecal sample: donor 05 – 

S2 (n=1). 
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6.4.4. The formation of anthocyanin metabolites during the in-vitro 

colonic fermentation of pure anthocyanins  

Black rice extract containing 38 % anthocyanins, which predominantly consisted of 87% 

Cya3Glc and 6 % Peo3Glc, was shown to be degraded and metabolised by the human 

faecal microbiota into various A- and B-ring-derived metabolites. However, for further 

confirmation, the microbial degradation of pure authentic Cya3Glc and Peo3Glc was 

investigated together with the appearance of their metabolites using the in-vitro human 

colon model. Briefly, pure authentic Cya3Glc and Peo3Glc were incubated separately 

with both fresh faecal slurry and autoclaved faecal slurry. The experiment was carried out 

using a fresh faecal sample donated by donor 08-S3 (n=1). Control vessels containing 

non-autoclaved faecal slurry were carried out with no authentic anthocyanin introduced. 

Samples were collected over 24 h, then analysed using UPLC-MS/MS. 

DHPAA, PCA, and PGA were the main metabolites of Cya3Glc (Figure 6. 7). While 

catechol was also present, it was at a very low concentration in the presence of live faecal 

microbiota, and no significant differences were found in the amount of catechol produced 

when Cya3Glc has incubated the presence of live and autoclaved faecal slurries. 

Moreover, PGCA was not detected in all vessels. In addition, dihydroferulic acid 

appeared between 10 - 20 h at very low concentrations, but it declined after 20 h. 

Dihydrocaffeic acid was initially detected at 12 h at a very low concentration which 

slightly increased until 24 h. PGCA was not detected either in the presence or absence of 

live faecal microbiota. Furthermore, catechol production was very low in the presence of 

live faecal microbiota and reached its Cmax (0.65 µM) at 24 h, and Cmax was 0.49 µM at 

24 h in the autoclaved faecal slurry.  

Nevertheless, in the presence of live faecal microbiota, the production of B-ring-derived 

PCA reached the Cmax of 10.6 µM at 10 h, then it declined to 5.6 µM at 24 h. However, 

PCA detected in the absence of live faecal microbiota, reached its Cmax of 1.2 µM at 24 

h. Furthermore, in the presence of live faecal microbiota, the A-ring-derived degradation 

phenolic, PGA, considerably increased over the first 10 h reaching its Cmax of 9.8 µM at 

10 h. Afterwards, PGA declined to 4.8 µM at 24 h. However, in the presence of autoclaved 

faecal slurry, PGA was detected at a very low concentration at a later time point of 
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incubation reaching its Cmax (0.28 µM) at 24 h. Moreover, DHPAA showed a rapid rise 

at 8 h with Cmax of 5.3 µM in the presence of live faecal microbiota. In the presence of 

autoclaved stool sample, however, DHPAA reached 3.8 µM at 20 h then spiked to its  

Cmax at 24 h (39.1 µM) (Figure 6. 7).  

The B-ring-derived metabolites, dihydrocaffeic acid and dihydroferulic acid, were 

formed over time in the presence of live faecal microbiota but the concentration was very 

low. However, the production of dihydroferulic acid was higher in the presence of live 

faecal microbiota with Cmax of 0.09 µM at 20 h whereas the Cmax was 0.02 µM at 24 h. 

Conversely, the production of dihydrocaffeic acid was lower in the presence than in the 

absence of live faecal microbiota. For example, the highest concentration of 

dihydrocaffeic acid in the presence and absence of live faecal microbiota were 0.03 µM 

at 24 h and 0.21 µM at 10 h, respectively. The initial appearance of dihydrocaffeic acid 

occurred at a later stage of incubation, but dihydroferulic acid started to appear at the 

early stages of incubation but normally declined afterwards. These results suggest that 

dihydroferulic acid is more likely an intermediate of dihydrocaffeic acid (dihydroferulic 

acid→dihydrocaffeic acid).  

On the other hand, the incubation of the purified Peo3Glc showed PGA and vanillic acid 

and dihydrocaffeic acid are the main metabolites in the live faecal microbiota incubations 

(Figure 6. 8). For example, the A-ring-derived metabolites, PGA, increased in the first 10 

h of incubation reaching its Cmax of 7.6 µM at 10 h, then it declined to 2.5 µM at 24 h. In 

addition, vanillic acid increased over the first 12 h with Cmax 3.7 µM at 12 h, it further 

slightly declined to 1.6 µM concentration at 24 h. However, the B-ring-derived 

dihydrocaffeic acid was present at a low concentration and the formation of 

dihydrocaffeic acid was at a constant rate after 8 h of incubation in the presence of live 

faecal microbiota. The Cmax detected at 24 h was 0.9 µM.   

Moreover, PCA, DHPAA, and catechol were also present in the presence of live faecal 

microbiota. PCA appeared at 4 h at a very low concentration (0.14 µM), increased (3 fold) 

between 8 and 12 h (0.48 µM), declined to 0.41 µM at 20 h, then increased again to 0.73 

µM at 24 h. The increase in PCA was in parallel with the decline of vanillic acid 

suggesting that vanillic acid is more likely to be an intermediate compound for PCA 

(vanillic acid→PCA).  
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 DHPAA was detected only in the presence of live faecal microbiota and only at 20 and 

24 h with a concentration of 3.0 and 3.8 µM, respectively. Catechol was detected also at 

very low concentration. However, the formation of catechol was not significant in the 

presence of live faecal microbiota compared to its formation in the control vessel, which 

indicated that the majority of catechol formed comes from the faecal sample. In addition, 

the PGCA was not present in all vessels. 

Thus, these data showed that the majority of metabolites formed from black rice 

anthocyanins are similar to the metabolites formed from the authentic Cya3Glc which is 

consistent with the fact that the black rice extract anthocyanins are dominated by Cya3Glc 

(87% total). However, the production of catechol was considerably lower in the 

incubation of the authentic Cya3Glc than the production from the incubation of black rice 

anthocyanin extract. Also, the data indicated that dihydroferulic acid originated from 

Cya3Glc in the black rice extract as a primary metabolite, but dihydrocaffeic acid 

originated from the Peo3Glc in the black rice extract as a primary metabolite. Therefore, 

another experiment was carried out by incubating a higher concentration (100 µM) of the 

authentic Cya3Glc using faecal samples from different donor (01-S10) (data not shown). 

In this experiment, dihydroferulic acid appeared to be an intermediate of dihydrocaffeic 

acid (Cmax, 0.28 µM at 8 h). In addition, 4-methylcatechol appeared in parallel with a 

decline in dihydrocaffeic acid at 10 h. This might suggest that dihydrocaffeic acid in an 

intermediate for the formation of 4-methylcatechol (dihydrocaffeic acid→4-

methylcatechol), where 4-methylcatechol reached its Cmax of 0.25 µM at 24 h. Catechol 

was also observed to be formed over time but at a low concentration compared to the 

incubation of black rice anthocyanins. 

Based on Cmax and time of appearance, PGA, PCA, and DHPAA were shown to be the 

main and initial (primary) microbial metabolites from black rice anthocyanins. 
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Figure 6. 7. The formation of Cya3Glc metabolites during batch colon model fermentation over 24 h. 

A 5 mg/mL of authentic Cya3Glc was dissolved in 1 mL acidified water, and immediately 1 mL was added to colon model vessels pre-filled with sterile media 

(89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration of 111.3 µM (50 

µg/mL) (B). Similar vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry (C). Control vessel contained fresh faecal 

inoculum and media, but no Cya3Glc (A). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown 

in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using HPLC-DAD to determine 

the Cya3Glc concentration and LC-MS/MS to determine metabolites concentrations. The data shown are for 1 replicate incubation using a single donor faecal 

sample: donor 08–S3. No Cya3Glc was detected in control vessels (data not shown).
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Figure 6. 8. The formation of Peo3Glc metabolites during batch colon model fermentation over 24 h. 

A 5 mg/mL of authentic Peo3Glc was dissolved in 1 mL acidified water, and immediately 1 mL was added to colon model vessels pre-filled with sterile media 

(89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Peo3Glc concentration of 108 µM (50 µg/mL) 

(B). Similar vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry (C). Control vessel contained fresh faecal inoculum and 

media, but no Peo3Glc (A). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the figure, 

mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using HPLC-DAD to determine the Peo3Glc 

concentration and LC-MS/MS to determine metabolites concentrations. The data shown are for 1 replicate incubation using a single donor faecal sample: donor 

08 – S3. No Peo3Glc was detected in control vessels (data not shown).
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6.4.5. The step-by-step metabolic pathway of anthocyanin metabolites 

Having confirmed the main black rice metabolites appearing at various times with 

incubations with pure Cya3Glc, the metabolic pathways of these metabolites were 

examined using the batch colon model fermentation. The approach was to incubate the 

early-appearing metabolites directly in the colon model and determine what their 

breakdown products might be. Thus, PCA, PGA, and DHPAA were incubated with live 

faecal microbiota and with autoclaved faecal microbiota. Control vessels were carried out 

by inoculating live faecal microbiota, but no main metabolites were introduced. Samples 

were collected over time and the metabolites were analysed using UPLC-MS/MS. 

In the presence of live faecal microbiota, the rates of decline of the PCA and DHPAA 

were considerably faster in comparison with the presence of autoclaved faecal samples 

(Figure 6. 9 and Figure 6. 11). However, PGA was degraded similarly in the presence and 

absence of live faecal microbiota (Figure 6. 10). For PCA the kdeg was significantly faster 

after 8 h of the incubation and was fully degraded at 20 h. Whereas PGA and DHPAA 

showed slower decline rates, where they were still detected in 24 h samples.  

While DHPAA declined in the presence of live faecal microbiota, no predicted 

breakdown products were identified. However, as they increased in synchrony with the 

decline of the original compound of PCA or PGA, catechol and PGCA, and 

phloroglucinol were identified as further-step metabolites (e.g., PCA → catechol and 

PGA → PGCA→ phloroglucinol). Therefore, two pathways of the degradation of 

Cya3Glc and Peo3Glc were identified using step-by-step metabolic pathway 

investigations. 
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Figure 6. 9. Incubations of PCA in the in-vitro colon model over 24 h. 
A 25 mg/mL of PCA was prepared in aqueous methanol (50%v/v). A volume of 0.4 mL was added to colon model vessels pre-filled with sterile media (99.6 

mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a concentration of PCA of 100 µg/mL. Similar 

vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry. Control vessels contained fresh faecal inoculum and media, but no 

authentic phenolic compounds. Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the 

figures, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using LC-MS/MS to determine the 

concentration of the phenolic. The data shown are for 1 replicate incubation for each condition using three individual donor faecal samples: donor 06–S3 (fresh 

slurry; n=1), donor 02–S2 (fresh slurry; n=1), and donor 03–S4 (glycerol-faecal stock; n=1).  
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Figure 6. 10. Incubations of PGA in the in-vitro colon model over 24 h. 

A 25 mg/mL of PGA was prepared in aqueous methanol (50%v/v). A volume of 0.4 mL was added to colon model vessels pre-filled with sterile media (99.6 

mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a concentration of PGA of 100 µg/mL. Similar 

vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry. Control vessels contained fresh faecal inoculum and media, but no 

authentic phenolic compounds. Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the 

figures, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using LC-MS/MS to determine the 

concentration of the phenolic. The data shown are for 1 replicate incubation for each condition using three individual donor faecal samples: donor 06–S3 (fresh 

slurry; n=1), donor 02–S2 (fresh slurry; n=1), and donor 03–S4 (glycerol-faecal stock; n=1). 



 

Chapter Six 

 

213 

 

0 4 8 12 16 20 24

0

100

200

300

400

500

600

700

Incubation time (h)

C
o
n

ce
n

tr
a
ti

o
n

 (


M
)

Donor 06-S3

A

0 4 8 12 16 20 24

0

100

200

300

400

500

600

700

Incubation time (h)

Donor 02-S2

B

0 4 8 12 16 20 24

0

100

200

300

400

500

600

700

Incubation time (h)

3,4-DHPAA
(Live microbiota; n=1)

3,4-DHPAA
(Autoclaved microbiota; n=1)

Donor 03-S4

C

 

Figure 6. 11. Incubations of 3,4-DHPAA in the in-vitro colon model over 24 h. 

A 25 mg/mL of 3,4-DHPAA was prepared in aqueous methanol (50%v/v). A volume of 0.4 mL was added to colon model vessels pre-filled with sterile media (99.6 mL) 

and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a concentration of 3,4-DHPAA of 100 µg/mL. Similar vessels 

were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry. Control vessels contained fresh faecal inoculum and media, but no authentic phenolic 

compounds. Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the figures, mixed with 0.5 mL of 

4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using LC-MS/MS to determine the concentration of the phenolic. The data 

shown are for 1 replicate incubation for each condition using three individual donor faecal samples: donor 06–S3 (fresh slurry; n=1), donor 02–S2 (fresh slurry; n=1), 

and donor 03–S4 (glycerol-faecal stock; n=1). 
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6.4.6. The intra-individual variations in the formation of the black rice 

anthocyanin metabolites during the human in-vitro colon model fermentations 

Having observed that the formation of PCA, PGA, 3,4-DHPAA, PGC, catechol, 

dihydroferulic acid, and dihydrocaffeic acid is driven by live faecal microbiota with 

different pathways being involved, the next step was to investigate the intra-individual 

variation (i.e., between stool samples collected at different times from the same 

individual) in the production of these metabolites. The samples collected from 

experiments in chapter 4, section 4.5.5, were used to investigate the intra-individual 

variation. In brief, three different faecal samples (S5, S6, and S7) were collected from 

donor 01 on different days. Each sample was used to inoculate the in-vitro colon model 

vessels containing black rice anthocyanin extracts. Samples were collected over time and 

were analysed later using UPLC-MS/MS. 

Although the stool samples were collected from sample donor 01, the production of black 

rice anthocyanin metabolites varied between stool samples collected on different 

occasions (Figure 6. 12). For example, the main metabolite, DHPAA was shown to be 

formed in the presence of live faecal microbiota to reach the Cmax at 6 h for both samples 

S5 and S7, but it reached Cmax at 4 h with S6. Afterwards, DHPAA declined at different 

rates in the different faecal samples (S5, 6, and 7) (data not shown because they are on a 

different scale). In addition, PCA, increased over the first 4 h with a Cmax of 8.1 and 19.7 

µM for S5 and S6, respectively, but it was over 6 h for S7 with Cmax of only 2.4 µM. PGA 

also increased over time. For example, with faecal sample S5, PGA increased over the 

first 6 h then slightly declined at 8 h before increasing again to reach its Cmax of 0.94 µM 

at 24 h. However, the production of PGA in the presence of the other stool samples (S6 

and S7) was notably higher with Cmax of 6.0 and 3.3 µM at 8 and 6 h, respectively. 

Although with S7 PGA declined after 6 h to reach a concentration of 3.3 µM at 8 h and 

was fully degraded at 20 h, the rate of PGA decline was significantly slower with the 

faecal sample from S6 which was detected at a concentration of 5.7 µM at 20 h.  

 

Catechol also was detected with different Cmax in the different stool samples collected 

from the same donor. For example, in both S5 and S6, catechol was initially detected at 
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4 h of incubation and reached Cmax at 24 h with a concentration of 2.4 and 3.4 µM, 

respectively. However, with S7, catechol was detected later (at 8 h) but it reached the 

Cmax (4.7 µM) a little earlier at 20 h, then it slightly declined to reach a concentration of 

4.4 µM at 24 h. PGCA was also investigated but was not detected. 

Additionally, dihydrocaffeic acid was not detected in inoculations of S7 faecal samples, 

but it was detected in the other two stool samples. In the presence of S5, dihydrocaffeic 

acid increased over the 24 h time course and it reached its Cmax of 1.1 µM, but in the 

presence of S6, it was detected initially with background concentration at 0h, which later 

declined over the first 6 h then it appeared again at 8 h to reach its Cmax of 7.7 µM at 24h. 

Moreover, dihydroferulic acid was also detected but with different formation patterns. 

With S7, the detected concentration at 0 h gradually disappeared over 24 h, with no 

additional formation. However, with S5 and S6, there was formation over the first 

incubation time when dihydroferulic acid reached its Cmax (0.8 µM, at 6 h) and (1.0 µM, 

at 2 h), respectively. However, they declined after reaching the Cmax.  
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Figure 6. 12. The formation of black rice anthocyanin metabolites showing the intra-individual variations in the presence of live faecal microbiota. 

Black rice extract (18 mg, containing 33.36% w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to colon model vessels pre-filled with sterile 

media (89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration of 133.60 µM (60 

µg/mL). Control vessels contained fresh faecal inoculum and media, but no black rice extract (data not shown). Different faecal samples from the same donor were used, 

where donor 01-S5 (A), donor 01-S6 (B), and donor 01-S7 (C). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the 

times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using UPLC-MS/MS to 

determine concentrations of anthocyanin metabolites. The experiments were carried out by using three different faecal samples from the same donor collected on different 

days and run in separate experiments. The data from each donor are presented as one replicate (n=1). 
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6.4.7. The inter-individual variations in the formation of the black rice 

anthocyanin metabolites during the human in-vitro colon model fermentations 

Next, the inter-individual variations of the formation of black rice anthocyanin 

metabolites were investigated. In order to investigate this, the same samples collected 

from experiments performed in chapter 4, section 4.5.6 were used. Briefly, three stool 

samples were collected from three different donors (Donor 01-S8, 07-S1, and 08-S2) on 

the same day and faecal slurries were immediately prepared from each of the three stool 

samples. Each faecal slurry was used to inoculate three different vessels that were treated 

with the same amount of black rice extract (n=3). In addition, control vessels were 

prepared for each donor where the vessels were inoculated with live faecal slurry, but no 

black rice was introduced. The incubations for all vessels were carried out using an in-

vitro pH-controlled batch colon model, where samples were collected over 24 h and 

analysed using UPLC-MS/MS. 

Although PCA, PGA, DHPAA, and catechol were shown to be the main metabolites in 

the three different donors, their formation rates varied from one donor to another (Figure 

6. 13). The main metabolite, DHPAA, increased over time to reach the Cmax at different 

time points of the incubation. For example, DHPAA formation reached Cmax of 37 ± 5.3 

µM (at 10 h), 19 ± 11 µM (at 6 h) and 50 ± 4.7 µM (at 20 h) for donor 01-S8, 07-S1, and 

08-S2, respectively. The rates of decline for DHPAA also varied. For example, the 

DHPAA declined faster over time and fully disappeared after 8 h for donor 07-S1, and 

after 20 h for donor 01-S8. Whereas for donor 08-S2, the formation of DPHAA occurred 

over the first 20 h and slightly declined at 24 h. 

PCA increased in the early stage of incubation for all donors. PCA reached its Cmax at 10 

h for both donor 01-S8 (11.1 ± 1.1 µM) and donor 08-S2 (5.3 ± 1 µM), whereas the Cmax 

(7.3 ± 1.5 µM) was at 8 h for donor 07-S1. In all donors, PCA declined gradually after 

reaching the Cmax. PGA increased over the first 6 h in the case of donor 07-S1 (Cmax, 1.7 

± 0.4 µM), 8 h for both donor 01-S8 (Cmax, 2.4 ± 0.3 µM) and donor 08-S2 (Cmax, 1.6 ± 

0.6 µM). It was also observed that a constant decrease of PGA after reaching the Cmax, 

but there was a rapid increase of PGA at 24 h for both donors 01-S8 and 08-S2 to reach 

a concentration which higher than their Cmax at 8 h.  
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Dihydroferulic acid appeared in all donors at the initial stages of incubation (between 4 – 

10 h). For example, the Cmax for donors 01-S8 (0.41 ± 0.12 µM) and 08-S2 (0.35 ± 0.14 

µM) was reached at 6 h. However, with donor 07-S1, the Cmax of 0.49 ± 0.1 µM was 

achieved at 10 h. On the other hand, dihydrocaffeic acid was not detected in the presence 

of live faecal microbiota from donors 01-S8 and 07-S1. However, it was shown to be 

produced in donor 08-S2 to reach Cmax of 0.75 ± 0.34 µM at 20 h. 

Unlike the other main metabolites, catechol steadily increased after 8h for both donor 01-

S8 and donor 07-S1, but it was initially increased at 2 h in donor 08-S2, but then showed 

more substantial increase at 8 h. The Cmax for all donors occurred at 20 h, where the Cmax 

for donors 01-S8, 07-S1, and 08-S2 were 6.6 ± 0.8, 5.5 ± 1.1, and 8.0 ± 1.8 µM, 

respectively. PGCA was detected in all donors. With donors 01-S8 and 08-S2, for 

example, PGCA reached its Cmax at 12 h with a concentration of 0.24 ± 0.14 and 0.12 ± 

0.05 µM, respectively. However, at 10 h the Cmax of PGCA was 0.09 ± 0.02 µM in the 

presence of stool sample S1 from donor 07.  

Although the main metabolites were detected in all three donors, the results showed that 

the formation rates of anthocyanin metabolites as well as their kdeg are variable and donor 

dependent. The degradation of initial metabolites showed also that faecal gut microbiota 

might contribute to the biotransformation of these metabolites into further-step or 

secondary metabolites.  

 



 

Chapter Six 

 

219 

 

0 4 8 12 16 20 24

0

5

10

15

20

40

60

Incubation time (h)

C
o
n

ce
n

ta
rt

io
n

 (


M
)

A

0 4 8 12 16 20 24

0

5

10

15

20

40

60

Incubation time (h)

B

0 4 8 12 16 20 24

0

5

10

15

20

40

60

Incubation time (h)

PCA

PGA

Catechol

Dihydroferuleic acid

Dihydrocaffeic acid

C

DHPAA

PGCA

 

Figure 6. 13. The formation of black rice anthocyanin metabolites showing the inter-individual variations in the presence of live faecal microbiota. 
Black rice extract (18 mg, containing 33.36% w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to colon model vessels pre-filled with sterile 

media (89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration of 133.60 µM (60 

µg/mL). Control vessels contained fresh faecal inoculum and media, but no black rice extract (data not shown). Faecal samples were collected on the same day from 

different donors, where donor 01-S8 (A), donor 07-S1 (B), and donor 08-S2 (C). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were 

collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using 

UPLC-MS/MS to determine concentrations of anthocyanin metabolites. The experiments were carried out by using three different faecal samples from different donors 

collected on the same day. Each faecal sample was incubated in triplicates. Values represent means ± SD.
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6.4.8. The formation of black rice anthocyanin metabolites when using 

glycerol-frozen faecal stocks to inoculate the human in-vitro colon model 

fermentations 

Having demonstrated the feasibility and viability of microorganisms in glycerol-frozen 

faecal stocks in the disappearance of anthocyanins (chapter 4, section 4.5.7), the 

formation of anthocyanins metabolites was also investigated by using the same samples 

from experiments presented in chapter 4. Briefly, three stool samples were collected from 

three different donors (Donor 05-S1, 01-S5, and 03-S3) and glycerol faecal stocks were 

prepared separately (Chapter 2, section 2.2.3), then stored at - 80°C. On the colon model 

experiment day, the frozen faecal glycerol stocks were thawed at room temperature for 

one h before inoculating into colon model vessels which were later treated with black rice 

extract. In addition, control vessels were prepared for each donor and inoculated only 

with live faecal slurry, but no black rice was introduced. The incubations for all vessels 

were carried out using in-vitro pH-controlled batch colon model, where samples were 

collected over 24 h and analysed onto UPLC-MS/MS. 

In all three different donors, the production of black rice anthocyanin metabolites was 

observed. However, the concentrations of metabolites were lower than the concentrations 

produced from using fresh faecal slurries (Figure 6. 14). In addition, both donor 05-S1 

and 03-S3 showed similarity in the lower production of most of metabolites, but donor 

01-S5 showed higher production, possibly indicating that microbial viability was higher.  

To illustrate this, the most abundant metabolites (DHPAA, PCA, PGA, and catechol) 

were explored in more detail. The production of DHPAA increased up to 8 h of incubation 

with both donor 05-S1 (Cmax, 15.7 µM at 24 h) and 03- S3 (Cmax, 29 µM at 24 h), but with 

donor 01-S5 the production was elevated after 4 h to reach the Cmax of 14.2 µM at 12 h, 

then it is shown to decline to 8.6 µM at 24 h. The formation of PCA was lower in the 

presence of faecal samples from donors 05-S1 and 03-S3, with a Cmax of 0.8 µM at 12 h 

and 0.5 µM at 10 h, respectively, and higher with donor 01-S5 (Cmax of 1.2 µM at 12h). 

PGA production was also low, although its production was higher (Cmax 0.52 µM at 12 h) 

with donor 05-S1 than the other two; donor 01-S5 (Cmax, 0.24 µM at 12 h) and donor 03-

S3 (Cmax, 0.25 µM at 24 h). The production of catechol was significantly higher in the 
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presence of donor 01-S5 (Cmax 1.9 µM at 24 h). With donor 05-S1 and 03-S3, catechol 

also reached its Cmax but at very low concentrations; 0.04 and 0.06 µM, respectively at 24 

h). Dihydroferulic acid was detected in all three donors, however, the production was 

higher with donor 05-S1 (Cmax, 0.15 µM at 24 h) and donor 01-S5 (Cmax, 0.18 µM at 12 

h) than with donor 03-S3 (Cmax, 0.10 µM at 24 h). Furthermore, dihydrocaffeic acid was 

not detected in donor 03-S3, however, its formation in the other two donors was very 

limited, even in comparison with the production of other metabolites. 

It was noticed that the timing of catechol production corresponded with the decline of 

PCA. For example, PCA production and then decline were more significant in donor 01-

S5 than for the other two donors. Meanwhile, in the same donor 01-S5, catechol was 

significantly produced (Figure 6. 14B). Moreover, the production of PGCA corresponded 

with the degradation of PGA. For example, in Figure 6. 14A the production of PGA was 

higher in donor 05-S1, and also PGCA was noticeably and in parallel increased in the 

same donor. This relation might be donor-specific or metabolite-type specific or both. 

To conclude, using frozen faecal glycerol stocks is a feasible approach to confirm the 

reproducibility of results for the same faecal sample. However, the production rates and 

amounts are significantly lower than those observed when fresh faecal samples are used. 

It suggested that the freezing process (e.g., storage duration and thawing procedure) might 

affect microbial viability. Therefore, it should be noted that it is possible for some bacteria 

to die due to storage conditions which might raise another challenge to use frozen faecal 

glycerol stocks. 
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Figure 6. 14. The formation of black rice anthocyanin metabolites in the presence of live faecal microbiota using glycerol-frozen faecal stocks. 

Black rice extract (18 mg, containing 33.36% w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to colon model vessels pre-filled with sterile 

media (96.4 mL) and glycerol-frozen faecal stocks (2.6 mL of a 37% stool sample) to give a final volume of 100 mL and a Cya3Glc concentration of 133.60 µM (60 

µg/mL). Control vessels contained frozen faecal glycerol stocks and media, but no black rice extract (Data not shown). The faecal samples were collected from different 

donors on different days before preparing the faecal-glycerol stocks, where donor 05-S1 (A), donor 01-S5 (B), and donor 03-S3 (C). Incubations were carried out at pH 

6.6-7.0 and 37°C, over 24 h (data not shown). Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and 

after sample preparation (Chapter 2, section 2.2.6), analysed using UPLC-MS/MS to determine concentrations of anthocyanin metabolites the experiments were carried 

out by using three different frozen faecal glycerol- samples prepared from different donors. The data from each donor are presented as one replicate (n=1). 
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6.4.9. The formation of anthocyanin metabolites during the fermentation 

of a mixture of fifteen bilberry anthocyanins in an in-vitro colon model 

A series of experiments to investigate the loss of different types of anthocyanins in a 

bilberry extract by the human gut microbiota were described in chapter 4 (section 4.5.8). 

Here, the formation of the bilberry anthocyanin metabolites was investigated. Briefly, 

bilberry anthocyanin extract was incubated with both fresh faecal slurry and autoclaved 

faecal slurry from donor 08-S3 (n=1). A control vessel containing fresh faecal slurry, but 

no bilberry extract was also included. 

In the presence of live faecal microbiota, various phenolic compounds were detected 

during the in-vitro colon fermentation of bilberry anthocyanin extract (Figure 6. 15). The 

main B-ring-derived metabolites gallic acid, PCA, 3-O-methylgallic acid, syringic acid, 

and vanillic acid, were detected and shown to increase over the first 8 h of incubation. 

The main A-ring-derived metabolite, PGA, increased over the first 10 h. In addition, 

catechol and DHPAA were present at high concentrations. In addition, other metabolites 

were detected but at low concentrations, namely PGCA, 4-methylcatechol, dihydrocaffeic 

acid, and dihydroferulic acid. A number of metabolites reached their Cmax at 10 h. For 

example, at 10 h, gallic acid, PCA, PGA, and PGCA were detected with a concentration 

of 3.6 ± 0.5, 3.3 ± 0.2, 3.9 ± 0.6, 0.20 ± 0.08 µM, respectively. Another two metabolites, 

vanillic acid and syringic acid were elevated to reach their highest concentration at 8 h 

with a concentration of 0.16 ± 0.08 and 0.10 ±0.01 µM, respectively. The other 

metabolites were shown to reach their highest concentration later at 24 h. For example, at 

24 h, the highest detected concentration of catechol, dihydroferulic acid, dihydrocaffeic 

acid, DHPAA, and 4-methylcatechol were 4.8 ± 0.6, 0.37 ± 0.03, 0.30 ± 0.07, 5.3 ± 1.8, 

0.10 ±0.06 µM, respectively. 3-O-methylgallic acid reached its Cmax (0.68 ±0.43 µM) at 

20 h. In the absence of live faecal microbiota, DHPAA was elevated over time to reach a 

Cmax of 18.8 ± 3.43 µM at 20 h. In addition, 4-hydroxybenzoic acid was detected and 

increased in the presence of live faecal microbiota (after 2 h), however, in the presence 

of autoclaved faeces, 4-hydroxybenzoic acid was detected later (after 12 h) reaching its 

highest concentration of 2.1 ± 0.5 µM at 20 h. 
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Figure 6. 15. The formation of anthocyanin metabolites during batch colon model fermentation over 24 h by using a concentration of bilberry anthocyanin 

(50 µg mL- 1). 

Bilberry extract (19.1 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and immediately added to colon model vessels pre-filled with 

sterile media (89 mL) and human faecal slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin concentration of 50 

µg/mL (B). Similar vessels were prepared but containing autoclaved faecal slurry rather than fresh faecal slurry (C). Control vessel contained fresh faecal inoculum and 

media, but no bilberry extract (A). Incubations were carried out at pH 6.6-7.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the figure, 

mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample preparation (Chapter 2, section 2.2.6), analysed using UPLC-MS/MS to determine concentrations 

of anthocyanin metabolites. The data shown are for 3 replicate incubations using a single donor faecal sample: donor 08 – S3 (n=1). Data for control presented as one 

replicate. 
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6.5. Discussion 

The overall aim of the research described in this chapter was to investigate the appearance 

of anthocyanin-derived microbiota-dependent metabolites from the degradation of 

anthocyanins by the human gut microbiota. The approach was to measure the formation 

of the microbial anthocyanin metabolites in the presence and absence of live faecal 

microbiota and assess whether there are variations both within- and between-individuals.  

The main findings in this chapter were that (i) various black rice anthocyanin-derived 

microbiota-dependent metabolites were detected (PCA, PGA, DHPAA, catechol, PGCA, 

dihydroferulic acid, and dihydrocaffeic acid) in the presence of live faecal microbiota (ii) 

the appearance rates and Cmax of anthocyanin metabolites varied within a person (in 

different stool samples collected on different days) and between individuals where 

samples were collected and the experiment run on the same day, (iii) different metabolic 

pathways were suggested for the black rice anthocyanins i.e., 

[Cya3Glc→PCA→catechol] and [Cya3Glc→PGA→PGCA→ phloroglucinol], (iv) PGA 

and corresponding A-ring phenolic acid were also detected from the incubation of the 

pure authentic Cya3Glc and Peo3Glc, but no significant production of catechol and 

PGCA, (v) it was feasible to use frozen faecal glycerol stocks to investigate the gut 

microbial metabolism of anthocyanins, but the production of anthocyanin metabolites 

was slower in comparison to the corresponding fresh faecal samples, and (vi) various B-

ring metabolites (gallic acid, vanillic acid, 3-O-methylgallic acid and syringic acid) were 

detected during the incubation of bilberry anthocyanin extract with live faecal microbiota.  

The novelty of the work in this chapter is that for the first time some microbial metabolites 

only produced by the gut microbiota were identified. In addition, some gut microbiota-

dependent metabolites were initial metabolites while others are secondary and arise from 

the primary metabolites. Therefore, metabolites were categorised into primary (or initial) 

and secondary metabolites based on both Cmax and the initial time of appearance. For 

example, the metabolites PCA and PGA were shown to appear at early stages (within the 

first 2 h) of the fermentation and their Cmax were higher compared to other metabolites. 

Therefore, PCA and PGA were considered primary metabolites. In addition, PCA and 

PGA appeared to decline after reaching their Cmax, suggesting that they started to be 
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metabolised into secondary metabolites. When PCA and PGA were further investigated 

separately (Figure 6.9-10), it was confirmed that they were intermediates for the 

secondary metabolites catechol and PGCA, respectively. The secondary metabolites 

started to be formed as expected at later stages of fermentation (after 6 h), and they 

normally reached their Cmax at the end of incubation time (between 20 and 24 h). For 

example, although they are detected at relatively low concentrations, dihydroferulic acid 

was shown to be an intermediate (primary metabolite) of dihydrocaffeic acid after 

demethylation process [Cya3Glc→dihydroferulic acid→dihydrocaffeic acid]. Microbial 

demethylation of compounds has been reported before by Zhang and others who showed 

that the gut microbiota was able to demethylate the alkaloid drug berberine (via the 

CYP51 enzyme) and thus improved its intestinal absorption260. Therefore, it is plausible 

that the faecal microbiota has the capacity to demethylate the methyl group (CH3) from 

the methoxy group (O-CH3) on position 3 on the benzene ring of the dihydroferulic acid 

by an as yet unknown O-demethylase (Figure 6. 16 and Figure 6. 17). 
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Figure 6. 16. Proposed pathway of colonic biotransformation of Cyanidin-3-O-glucoside (Cya3Glc) by the human gut microbiota, where the solid arrows 

represent confirmed routes, the dotted arrows represent predicted routes, and MW is an abbreviation for the molecular weight. 
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Figure 6. 17. Proposed pathway of the colonic biotransformation of peonidin-3-O-glucoside (Peo3Glc), where the solid arrows represent confirmed routes, the 

dotted arrows represent anticipated routes, and MW is an abbreviation for the molecular weight. 
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These data highlight seven microbiota-derived metabolites produced anaerobically in the 

colon model in the presence of live faecal microbiota from the black rice anthocyanin 

extract. However, in the vessels containing autoclaved faecal samples, DHPAA was 

detected at very high concentrations in some incubation with black rice anthocyanins 

extract (Figure 6. 3 and Figure 6. 4). In addition, DHPAA appeared at the later stage of 

fermentation in the presence of autoclaved microbiota compared to vessels containing 

fresh faecal samples. In other experiments, however, no production of DHPAA was 

observed in the presence of autoclaved faecal slurries (Figure 6. 5 and Figure 6. 6). This 

suggested that anthocyanins (Cya3Glc) may break down spontaneously. For example, 

data in Chapter 4 showed that different faecal matrices affect the spontaneous kdeg of black 

rice anthocyanins. However, this spontaneous degradation may be varied depends on the 

faecal matrix and/or the faecal contents.  

The production of these anthocyanin metabolites varied between stool samples (collected 

from the same donor but on different days) and also varied between stool samples 

collected from different donors collected on the same day, showing intra- and inter-

individual variations respectively. Very few reports have investigated the gut microbial 

metabolism of anthocyanins using in-vitro human colon model studies. Some studies have 

used the content of large intestine from animal models 89,96,240; others have used specific 

or isolated strains 93,176. Furthermore, animal studies have identified the A-ring metabolite 

PGA and corresponding A-ring-derived phenolic acid (i.e., PCA and gallic acid from 

Cya3Glc and Del3Glc, respectively). In agreement with an animal study reported by 

Hanske and others 88, here it is demonstrated that using the human gut microbiota, PGA 

and PCA were the main metabolites from Cya3Glc. Although it appeared at late 

incubation stages in vessels containing autoclaved faecal slurries, DHPAA was defined 

as a primary metabolite from Cya3Glc because it was formed in the first few hours of 

incubation with a high concentration compared to the other metabolites. 

In addition, although few other reports have used human faecal samples to investigate the 

microbial metabolism of anthocyanins, they used a simple phosphate buffer, non-pH-

controlled models and complex mixture of anthocyanins, the spontaneous degradation of 

anthocyanins was neglected, and/or the incubation time was for short time. For example, 

it was reported that the metabolism of Cya3Glc in the presence of human faecal samples 
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using a simple buffer solution over 2 h173, concluding that PCA was the breakdown 

product of Cya3Glc. Hanske and others increased the incubation time to 25 h for the 

incubation of pure Cya3Glc with a human stool sample88, but no pH-controlled model 

was used, and the medium was a simple buffer solution. In the current study, the pH-

controlled model was used and other metabolites, not only PCA and PGA were identified 

as microbiota-dependent metabolites. Hanske and others, however, stated that PCA and 

PGA are the microbial metabolites of Cya3Glc88. More recently, two reports used nutrient 

media to incubate anthocyanins with faecal samples174,175. But they used a non-pH-

controlled model in their investigations. However, 174 reported that syringic acid and 

tyrosol were the main microbial products from Mal3Glc-rich extract and Pel3Glc-rich 

extracts, respectively. However, from the data in this chapter, various black rice 

anthocyanin metabolites were shown to be formed in the presence of live faecal 

microbiota such as DHPAA, PCA, PGA PGCA, catechol, dihydrocaffeic acid and 

dihydroferulic acid.  

Although black rice anthocyanin extract is a Cya3Glc-rich extract (87.2 % of total black 

rice anthocyanins), the other main anthocyanin is Peo3Glc (6.2 % of total black rice 

anthocyanins). Furthermore, in the incubations with authentic Peo3Glc the main B-ring-

derived metabolite was vanillic acid, and the main A-ring-derived metabolite was PGA. 

However, the production of dihydrocaffeic acid was also relatively high. The data is 

suggesting that dihydrocaffeic acid was produced from Peo3Glc. Although dihydroferulic 

acid was also shown to be produced from both pure Cya3Glc and Peo3Glc, the Cmax was 

relatively low from pure Peo3Glc compared to pure Cya3Glc. From this data, it can be 

concluded that both compounds might originate from both Cya3Glc and Peo3Glc.  

However, on the basis of the time at which they were formed, the primary (or initial) 

metabolites appeared at the early stages of incubation (between 2-6 h). Dihydroferulic 

acid was shown to be a primary metabolite whereas dihydrocaffeic acid was shown to be 

a secondary metabolite in the case of Cya3Glc. However, although the production of 

dihydroferulic acid from Peo3Glc was very low, dihydroferulic acid was shown to be a 

primary metabolite and dihydrocaffeic acid a secondary metabolite, suggesting that 

dihydrocaffeic acid was formed from dihydroferulic acid by demethylation. However, 
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pure authentic anthocyanins are very expensive, more experiments need to be carried out 

using more donor replicates to confirm these findings.   

In the aerobic condition, it is well established that Cya3Glc breaks down spontaneously 

into PGA and PCA in equimolar amounts 38,87. However, in this chapter, the formation of 

Cya3Glc breakdown products did not occur under anaerobic conditions of the colon 

model in the absence of live faecal microbiota. However, in the presence of live faecal 

microbiota, not only PCA and PGA but also PGCA, catechol, dihydrocaffeic acid and 

dihydroferulic acid were formed. In addition, the data also showed that in humans, the 

gut microbial activity is mainly catabolism reactions such as deglycosylation (via β-D-

glucosidase), decarboxylation (via decarboxylase) and demethylation (O-demethylase). 

For example, catechol was produced after the decarboxylation of the intermediate PCA. 

Therefore, the microbial pathways involved in the degradation of Cya3Glc and Peo3Glc 

were proposed (Figure 6. 16 and Figure 6. 17). The present suggested that A-ring products 

PGA and the B-ring PCA bio-transformed into PGCA and catechol respectively. In 

addition, based on the initial formation time, there were initial and secondary metabolites. 

For example, the dihydroferulic acid was bio-converted into dihydrocaffeic acid which 

may be converted into 4-methylcatechol, but this would have to be confirmed in future 

studies. 

PCA and PGA, and DHPAA were present at 2 h, reached their Cmax within 4 to 10 h, then 

declined afterwards. Therefore, a metabolite pathway study was assessed by incubating 

these three phenolics separately using the same in-vitro colon model fermentation. The 

appearance of catechol corresponded with the decline of PCA, suggesting that PCA was 

entirely converted to catechol and catechol was shown to be relatively stable as it did not 

degrade further. On the other hand, PGCA was formed in parallel with PGA degradation, 

however, the formed PGCA was not stable or was rapidly converted to other products. It 

was suggested that catechol and PGCA are secondary metabolites of Cya3Glc through 

their intermediates PCA and PGA respectively. Catechol was bio-converted by 

decarboxylation of the carboxylic group of the PCA. PGCA might lose its carboxylic 

group to give phloroglucinol (m/z[M-H]-  125), but phloroglucinol was not detected which 

suggested that phloroglucinol might be unstable or PGCA was not converted to 
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phloroglucinol. In addition, DHPAA was investigated, but no investigated metabolites 

were detected as microbial products from 3,4-DHPAA.  

Dihydroferulic acid appeared at the early stages of the incubation of Cya3Glc with live 

microbiota, suggesting that it comes from B-ring of Cya3Glc. But the B-ring of Cya3Glc 

has two hydroxy groups at positions 3’ and 4’. This suggested that Cya3Glc is converted 

to Peo3glc (by methylation at the 3’ hydroxy group) as it has been proposed previously  

88. However, Peo3Glc was searched for at its m/z value, in the colon model sample, but it 

was not detected. On the basis of this, it is possible that the Cya3Glc underwent a pH-

dependent transformation forming Cya chalcone and then Cya chalcone anionic forms 

(Chapter 5.5), which are highly active. Cya chalcone anionic form might interact with 

other molecules (such as the component of the colon media or other break down products) 

and thus a methyl group attached at position 3’ to form Peo chalcone. This explanation is 

supported by the detection of dihydroferulic acid (where a methyl group at 3’ on the B-

ring). 

Studies with pure Cya3Glc confirmed that PCA, PGA, DHPAA, dihydrocaffeic acid, and 

dihydroferulic acid are microbial metabolites. However, secondary metabolites, catechol 

and PGCA, showed no significant increase compared to the levels formed during the 

incubation of black rice anthocyanin extract. This suggested that the non-anthocyanin 

content in the black rice extract affects the metabolism of anthocyanins. It is also proposed 

that variations may occur between donors and within the same donor but different faecal 

samples. Therefore, more donors are needed to investigate the metabolism of the pure 

Cya3Glc.  

The other pure authentic Peo3Glc was metabolised to the B-ring product vanillic acid and 

the A-ring product PGA. However, other potential B-ring metabolites were identified, 

e.g. dihydrocaffeic acid started to appear after 8 h incubation. However, the formation 

was at later stages of the incubation and the formation was increased over time to reach 

the Cmax at 20 or 24 h, suggesting that dihydrocaffeic acid is a secondary metabolite from 

Peo3Glc. The methylated form of dihydrocaffeic acid is dihydroferulic acid. This 

suggested that the microbiota converted the dihydroferulic acid into dihydrocaffeic acid 

by demethylation process. Since dihydrocaffeic acid appeared at a late stage of 
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incubation, it is more likely that dihydroferulic acid underwent a demethylation process 

as it formed, transforming into dihydrocaffeic acid.  

Significant intra-individual variations were observed in the current results. For example, 

within the same donor 01, the production of PCA was higher with S6 (Cmax 19.7 µM at 4 

h), whereas the Cmax was 2.4 µM after 6 h and 8.1 µM after 4 h incubation with S7 and 

S5, respectively. More interestingly, although a very low concentration was detected for 

dihydrocaffeic acid and dihydroferulic acids from samples S5 and S6, both compounds 

were not detected from sample S7, suggesting that it might be sample specific. Catechol 

was shown to be a downstream metabolite of PCA. However, the production of catechol 

was shown to fluctuate regardless of the production of PCA from the same samples. For 

example, with faecal sample S6, the PCA production was higher (Cmax 19.7 µM) than the 

production of catechol (Cmax 3.4 µM). Whereas with S7, the production of PCA was lower 

(Cmax 2.4 µM) than the production of catechol (Cmax 4.4 µM). Additionally, no other B-

ring-derived metabolites (such as dihydrocaffeic and dihydroferulic acid) were detected 

with this stool sample (S7). This suggested that S7 has more capacity to convert PCA to 

catechol, but less capacity to form dihydrocaffeic and dihydroferulic acids. PGA, the 

intermediate for PGCA, also showed variation between stool samples. However, PGCA 

was not detected from all stool samples which collected from the same donor 01. 

There was also a significant difference in the production of black rice anthocyanin 

metabolites between different donors (inter-individual variations). For example, the mean 

Cmax of PCA was 11.1, 7.3, and 5.3 µM with donors 01-S8, 07-S1, and 08-S2, respectively. 

As PCA is an intermediate of catechol (PCA→ catechol), the Cmax of catechol 

corresponded with the Cmax of PCA in the case of donor 01 and 07 (11.1 µM→6.6 µM 

and 7.3 µM→1.7 µM, respectively). But it was different with donor 08 (5.3→8.0 µM), 

suggesting that the capacity to decarboxylate PCA into catechol is donor-specific and also 

the rate of PCA catabolism to catechol is faster in donor 08. In addition, although 

dihydroferulic acid was detected at very low concentrations, dihydrocaffeic acid was not 

detected in both samples from donors 01 and 07. This suggested that there is a lack of 

demethylation capacity for donors 01 and 07. Furthermore, the PGCA and its intermediate 

PGA were detected in all three donors.   
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With regard to gallic acid, it was detected at very low concentrations, and the initial 

concentration in the 0 h sample was higher in vessels containing autoclaved faecal 

samples compared to vessels inoculated with fresh faecal samples. The explanation for 

this might be that the faecal samples contain traces of other polyphenols (e.g., tannins). 

Gallic acid is the main unit of gallotannin structure 261. It is possible that using high 

temperatures during the autoclave process of the faecal slurry breaks down tannins into 

gallic acid via hydrolysis (Ⅰ). However, in the presence of live faecal microbiota, gallic 

acid was shown to be formed at the initial stages of incubation (2-6 h) then it decreased 

over time. This showed that the hydrolysis (Ⅰ) of tannins might occur by enzymatic 

reaction resulting in the biotransformation of tannins into gallic acid. This enzymatic 

hydrolysis was previously reported262, but it was by fungi. Furthermore, pyrogallol was 

formed only in vessels containing live faecal microbiota (Control and black rice-treated 

vessels). This was previously noted by Hidalgo and others who showed the live gut 

microbiota transforms gallic acid into pyrogallol by decarboxylation process (Ⅱ)177 

(Figure 6. 18). 

4-hydroxybenzoic acid also appeared in control and black rice-treated vessels. It may be 

concluded that the faecal matrix contains compounds conjugated with 4-hydroxybenzoic 

acid and during the incubation, the conjugated compounds degraded to release 4-

hydroxybenzoic acid. This release occurred earlier in the presence of live gut microbiota 

possibly due to the ability of bacteria to accelerate the degradation process. But in the 

presence of autoclaved faecal material, the appearance of 4-hydroxybenzoic acid was 

later which showed that conjugated compounds might be degraded spontaneously after 

some time under the colon model conditions.
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Figure 6. 18. Proposed pathway of the formation of gallic acid and pyrogallol from tannins, in the presence of live faecal microbiota
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6.6. Conclusions 

Overall, the work in this chapter focused on the production of anthocyanin metabolites 

by the human gut microbiota and the hypothesised variations within and between 

individuals. The results in this chapter showed that the human gut microbiota plays an 

important role in the appearance and production of various anthocyanin metabolites. For 

example, the formation rates of black rice anthocyanin degradants were significantly 

faster in the presence of live faecal microbiota. In addition, seven metabolites, PCA, PGA, 

PGCA, catechol, dihydrocaffeic acid and dihydroferulic acid, were microbiota-dependent 

metabolites. In addition, the appearance rates of the aforementioned metabolites varied 

within a person as well as between different individuals. This indicates that different 

faecal samples from the same donor, but on different days and different individuals have 

different metabolic capacities. The same individual might have different microbial 

profiles on different days, showing the dynamic of the human gut microbiota 263.  

Furthermore, the human gut microbiota showed catabolism capabilities such as 

deglycosylation, oxidation, decarboxylation, and demethylation. Therefore, it was clear 

that the initial metabolites were subjected to further catabolism by gut microbiota, 

suggesting various metabolic trajectories. These findings are in consensus with the notion 

that gut microbiota plays an important role in anthocyanin metabolism and give strong 

evidence why the bioavailability of anthocyanins is very low. Indeed, human studies have 

reported lower molecular weight metabolites (as conjugated forms) in the circulation or 

excretion fluids after the consumption of anthocyanins. This is more likely due to entering 

the circulation, after being produced by gut microbiota, subsequently, anthocyanin-

metabolites undergo phase Ⅱ metabolic reactions (in the liver and/or kidney) and are 

present in conjugated forms such as glucuronides and sulfatides in the circulation. In 

chapter 4, although it was demonstrated that the spontaneous degradation of anthocyanins 

contributes to the overall microbiota-depended degradation, the microbial anthocyanin-

metabolites are considerably different from the breakdown products from the spontaneous 

degradation (presented in chapter 5). Therefore, it is recommended that further work 

should focus on the biological activity of both spontaneous breakdown products and 

microbial metabolites. It is possible that these anthocyanin metabolites confer health 

benefits to the host, such as anti-inflammatory, anticarcinogenic and antioxidant effects. 
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Meanwhile, it is important to identify the microbes involved in anthocyanin metabolism, 

which would provide further information for deep understanding of the metabolic 

function of the gut microbiota as well as the effects of anthocyanins on the human gut 

microbiota structure. Therefore, the effect of black rice anthocyanin extract on the gut 

microbiota structure was investigated and presented in the next chapter (Chapter 7). 
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Chapter 7: The impact of anthocyanins 

on the structure and function of the 

human colonic microbiome 

7.1. Abstract 

Background: Only tiny fraction of ingested anthocyanins are absorbed in the small 

intestine. In previous chapters, it has been shown that in a model of the human colon, 

anthocyanins undergo ring fission and some of this occurs spontaneously, but a 

considerable contribution to anthocyanin transformation is also made by the gut 

microbiota, and this generates distinct metabolites. Very little is known about whether the 

gut microbiota is altered upon treatment with anthocyanins and in response to the 

appearance of ring fission products during fermentation.  

Objective: To test the hypothesis that treatment with anthocyanins would alter the 

structure and function of the human colonic microbiome and that the abundance of species 

that metabolise the anthocyanins and generate the early anthocyanin breakdown products, 

would be increased compared to the microbiome in untreated controls.  

Methods: A batch in-vitro human colon model that was inoculated with fresh human 

faecal material was used. Vessels were treated with purified anthocyanins from black rice 

(133.3 µM) or no anthocyanins as controls (n=7 vessels per condition) and incubated over 

24 h. Samples were collected at 0, 6, 12, and 24 h and later subjected to DNA extraction, 

library preparation and shotgun metagenomic sequencing. Sequence data were analysed 

using in-house bioinformatics pipelines to determine microbiota profiles at the genus and 

species levels and to predict effects on metabolic pathways.   

Results: Black rice anthocyanins only had very modest effects on gut microbiota 

composition compared to controls and the differences were mainly detected at 6 and 12 

h. At the phylum level, black rice anthocyanins increased the abundance of Bacteroidetes 

and reduced the abundance of Firmicutes at 6 and 12 h. At species level, at 6 h, the relative 

abundance of Bacteroides vulgatus increased by 6 % in the presence of black rice 
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anthocyanins compared to a 2 % increase in controls. In addition, in the presence of 

anthocyanins, there were very small increases in Citrobacter freudii and Ruminococcus 

torques at 6 and 12 h. However, in both anthocyanin-treated and control samples, 

Bifidobacterium longum dominated the microbial profile at the end of the 24 h 

fermentation. Additionally, Klebsiella oxytoca was shown to be involved in ortho-

cleavage degradation pathway of catechol and 4-methylcatechol, but no significant 

differences were observed between controls and plus anthocyanins treatments. 

Furthermore, no significant abundance of known microbial genes was observed to be 

involved in anthocyanin metabolism, such as β-glucosidase and protocatechuate 

decarboxylase. 

Conclusions: The data presented here show that exposure of human colon microbiota to 

a high concentration of anthocyanins had surprisingly little effect on gut microbiota 

structure and function. This may indicate that the ability to degrade anthocyanins is 

widespread among the human gut microbiota and anthocyanin exposure is not particularly 

selective. 

7.2. Introduction 

As described in chapter 1 and reported in the literature, anthocyanins are poorly 

bioavailable. Only a tiny fraction of ingested anthocyanins are absorbed in the small 

intestine, and the anthocyanins are mainly in conjugated forms (i.e., methyl or sulphate 

conjugates) 37,99.  

In the literature and chapter 1, it was hypothesised that the health benefits of anthocyanins 

are due to the interaction between anthocyanins and the human gut microbiota 168. The 

beneficial effects of anthocyanins are likely to be explained by the generated anthocyanin 

metabolites by gut microbiota or by anthocyanins/anthocyanin breakdown products 

increasing the abundance of beneficial microbes in the human gut 137 such as 

Bifidobacterium spp. and Lactobacillus spp which have been reported to benefit human 

health 161,168,264. However in vitro studies reported that anthocyanins were degraded by 

the faecal microbiota 37, this was also shown in chapters 4 and 6 where anthocyanins 
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undergo microbial metabolism in a model of the human colon, and this generates distinct 

metabolites.  

Although it was also hypothesised in the literature that anthocyanins may shift the 

structure of the human gut microbiota, the strength of this relationship is still superficial, 

especially as these studies showed little evidences for structural changes in the gut 

microbiota in response to anthocyanin treatments 137,168. Nevertheless, few studies 

reported that structural changes of the gut microbiota were observed. For example, 

Hildago and others used in-vitro incubation of Mal3Glc with faecal gut microbiota 177. 

They reported that there was considerable growth of Bifidobacterium spp. and 

Lactobacillus spp., whilst gallic acid (a known microbial anthocyanin metabolite) 

reduced the relative abundance of Clostridium histolyticum without negatively affecting 

beneficial bacteria. This effect is supported by Queipo-Ortuno and others who reported 

that the growth of C. histolyticum in human faeces was decreased when incubated with 

red wine extract, however, notably red wine comprises a complex mixture of polyphenols 

so this effect cannot be directly attributed to anthocyanins 193. 

In chapter 1 (Section 1.9), in-vitro and animal studies were reviewed for evidence on the 

effects of anthocyanin consumption on gut microbiota structure.  However, the common 

outcome between in-vitro, animal and human studies was that anthocyanins are 

commonly associated with increases in Bifidobacterium and Lactobacillus species. 

However, very little is known about how the gut microbiota is altered upon treatment with 

anthocyanins and in response to the appearance of ring fission products during 

fermentation. 

7.3. Objectives 

The overall aim of the research presented in this chapter was to determine the effects of 

anthocyanin exposure on the structure and function of the human gut microbiota. The 

approach was to expose a human faecal microbiome to purified anthocyanins for 24 h and 

to collect samples periodically for subsequent DNA extraction and metagenomics 

analysis. The metagenomic sequence data was interrogated to assess changes in the 
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relative abundance of bacteria compared to a control (without added anthocyanin) and to 

assess any changes in the relative abundance of bacterial genes. 

7.4. Results 

In in-vitro colon models, purified black rice anthocyanins were used to investigate the 

impact of anthocyanins on the gut microbiota structure and function. Briefly, twelve in-

vitro colon model vessels were inoculated with 1% human slurry, where seven vessels 

(anthocyanin treated) were treated with black rice anthocyanins (n=7) and seven vessels 

(Control) where no black rice anthocyanins were added (n=7) (Figure 7. 1). Two 

additional vessels contained only autoclaved colon media as contamination controls 

(n=2). The incubation was carried out over 24 h, and 5 mL samples were collected at 0, 

6, 12, and 24 h for DNA extraction (Chapter 2, section 2.4.2). The extracted DNA was 

sequenced using metagenomic shotgun analysis, then the metagenomics dataset was used 

to perform bioinformatic analysis.   
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Figure 7. 1. Schematic of experimental design for investigating the effects of black rice 

anthocyanins on the composition of the human faecal microbiota using an in-vitro human colon 

model. 

Black rice anthocyanins were incubated with fresh faecal slurry, where the faecal sample (S1) was collected 

on the day of the experiment from donor 08. Control vessels were prepared by inoculating sterile colon 

media with the same faecal inoculum and no black rice extract was added. Other control vessels were 

prepared by only incubating sterile colon media for contamination control. Incubation was carried out at 

pH 6.6-7.0, 37°C, over 24 h. Samples (5 mL) were collected at the times shown in the figure, and DNA 

was extracted, quantified, and sent for library preparation and metagenomic sequencing. 

 

7.4.1. Bacterial growth during the in-vitro colon model fermentations 

The first step was performing bacterial counts over the time course of the in-vitro colon 

model fermentation (0, 6, 12, 24 h). The in-vitro colon model was prepared as described 

in chapter 2 (Section 2.2.4-5). The final faecal sample concentration was 1 % w/v in colon 

media. For counting the bacterial numbers, three samples were collected from three 

different vessels (n=3). Afterwards, serial dilutions (10-1, 10-2,10-3, 10-4, 10-5, and 10-6) 

were prepared in sterile deoxygenated PBS and plated onto petri dishes containing colon 

media agar. The plates were incubated anaerobically for 48 h and then bacterial colonies 

were counted. 
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Bacterial colony numbers were similar between control and treatment vessels at 0 and 6 

h incubation (Figure 7. 2). At 0 h, the number of bacterial colonies was 1.3 ± 0.17 x 106 

and 1.2 ± 0.12 x 106 in control and anthocyanin-treated vessels, respectively. At 6 h 

incubation, the number of bacterial colonies considerably increased to reach 7.9 ± 1.5 x 

107 (↑ 6000 %) and 9.0 ± 4.8 x 107 (↑ 7200 %) in control and treatment samples, 

respectively. Compared to 6 h, bacterial colony numbers were increased at 12 h in control 

and anthocyanin-treated samples (↑ 220 and 260 %, respectively), but they were slightly 

lower in control vessels (2.6 ± 0.5 x 108) compared to treatment vessels (3.2 ± 0.4 x 108). 

At 24 h, there were no further increases in bacterial colony numbers compared to 12 h 

samples. For example, the number of bacterial colonies slightly decreased (↓ 14 %) in 

treatment vessels to be 2.8 ± 0.4 x 108, whereas in control vessels bacterial colony 

numbers were 1.3 ± 0.1 x 108 at 24 h, showing a considerable decline (↓ 50%) in viable 

bacterial cells. 
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Figure 7. 2. The bacterial growth curve during batch colon model fermentation over 24 h. 

Black rice anthocyanin extract was incubated in seven vessels (n=7) containing live faecal slurry (treated 

vessels), where the faecal sample (S1) was collected on the day of the experiment from donor 08. Control 

vessels (n=7) were prepared by inoculating sterile colon media with fresh faecal inoculum and no black 

rice extract was added (non-treated vessels). Incubations were carried out at pH 6.6-7.0, 37°C, over 24 h. 

For bacterial growth calculation, three samples (0.5 mL) were collected from both control and treatment 

vessels at the times shown in the figure. Afterwards, serial dilutions were prepared and spotted on 1% agar 

colon media. Data are presented as triplicates (n=3) and values are represented as means ± SD. Statistical 

analysis was carried out with a Mann-Whitney U-test for each time point and **** p < 0.0001; *** p < 

0.001, ** p < 0.01, * p < 0.05.  



 

Chapter Seven 

244 

 

7.4.2. Microbial community profiling  

For microbial community profiling, host DNA contamination is expected in 

metagenomics datasets, hence the metagenome was first processed using KneadData to 

remove host, contaminant, and adapter sequences, then quality control was performed 

using Trimmomatic (Chapter 2, section 2.4.5). Only high quality trimmed, and non-

contaminant paired reads (in which both reads passed filtering) were used for downstream 

analyses. High quality and trimmed reads were used to estimate the microbial 

composition profiles using MetaPhlAn v3.0.2 202,203. MetaPhlAn identifies the microbes 

and their abundance from metagenomics reads by mapping them to the ChocoPhlAn 

database of unique clade-specific marker genes. Clades are group of organisms and clade-

specific markers are coding sequences that are strongly conserved within the clade’s 

genomes and are sufficiently different to any sequence outside the clade. The marker 

genes in the ChocoPhlAn database were identified from over 17,000 reference genomes 

from bacteria, archaea, viruses, and eukaryotes203. 

Heatmaps were used to visualise the relative abundance of the microbial communities. 

Figure 7.3 shows the heatmaps with hierarchical clustering using the top 50 species, and 

Bray-Curtis distance for samples and species (Figure 7. 3). The microbial profiles for all 

samples at 0 h were very similar, which is expected as these samples were taken at the 

start of the experiment and originated from one donor. However, as can be seen from the 

heatmap profiles, samples collected after 6 h and 12 h were slightly different from those 

at 0 h, and those collected at 24 h were also different from the 0 h profile as well as the 6 

and 12 h profiles, indicating a shift in microbial community over the incubation period. 

This is further demonstrated in the multidimensional scaling plot (MDS). 
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Figure 7. 3. Hierarchical clustering of microbial profiles showing samples ordered by time point (columns) for the top 50 species. 
Clustering by feature (species) was performed with Bray-Curtis distance. As expected, there is a uniform taxonomic profile for samples at 0 h, 

which then changes over time for both control (Ctrl) and black rice anthocyanin samples (BR). 
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An MDS plot was constructed to explore the microbial profile at each time point and the 

effect of anthocyanin treatment on these microbial profiles. The MDS plot (Figure 7. 4) 

shows that there was time dependent clustering of the microbial composition. Three 

distinct clusters were observed: all 0 h samples were closely clustered together on the 

right side (red triangles and circles), while the 6h (magenta) and 12h (green) samples were 

more closely clustered in the middle of the plot with a slight shift of the 12 h, samples to 

the left, and 24 h samples (blue) clustered on the left. The clustering of the 0 h samples 

was expected since these samples were collected at the start of the experiment and 

originated from the same donor. While at 6 and 12 h, most of the control samples tended 

to cluster on the lower part of the plot compared to the anthocyanin treated samples, the 

differences in the clustering were not so distinct as to provide a clear separation between 

the control and the anthocyanin treated samples. As such, the plot shows that samples 

were clustered depending on time points, and there are no clear differences observed in 

the microbial composition between treatment and control.
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Figure 7. 4. MDS plot where the time point is colour-coded, triangles represent control samples, and circles represent samples from vessels treated with 

anthocyanins. 

The figure shows samples at 0 h (red), 6 h (magenta), 12 h (green) and 24 h (blue). Samples taken at the start and end of the experiment, 0h and 24 h, clearly differed 

from each other and samples at 6 h and 12 h.
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7.4.3. Microbial composition: Taxonomic profiling 

Next the relative abundances of the top 10 genera were explored. Although the bar chart 

showed no clear differences between treatments and controls, the data shown in Figure 

7. 5 indicated that the relative abundances at the genus level were different at 6, 12 and 

24 h compared to the 0 h samples. For example, the relative abundance of the genus 

Bifidobacterium was shown to increase over time to reach its highest abundance at 24 h. 

In addition, compared to the relative abundances at 0 h, Bacteroides slightly increased at 

6 h, then decreased at 12 h and continued to further decrease to its lowest level at 24 h. 

While at 0 h, Faecalibacterium, Ruminococcus and Roseburia were present at high levels, 

before declining considerably at 6, 12, and 24 h. The proportion of Anaerostipes increased 

slightly at 12 h compared to 0 and 6 h, but again declined at 24 h. However, the abundance 

of Blautia remained relatively constant over the time course of incubation. Furthermore, 

the relative abundance of Citrobacter, Collinsella and Eubacterium were relatively lower 

at 0 h, but they increased at 6 h with the relative the abundance plateauing at 12 h and 

remaining at constant level until 24 h. No statistically significant differences were 

observed at the genus level were observed between anthocyanin treated and control 

vessels. 

Following the lack of significant difference in the microbiota at genus level, the effects 

of anthocyanin treatment on the 10 most abundant species in the dataset were assessed. 

Specific profile alteration in the faecal microbiota between anthocyanin-treated and non-

anthocyanin-treated were observed (Figure 7. 5). Species profiles for all 0 h samples were 

similar, both for samples treated with anthocyanins and without. However, the most 

evident but modest change in community composition was observed at 6 h, where 

samples treated with anthocyanins had an increase in Bacteroides vulgatus, as well as a 

decrease in Bifidobacterium longum. While the relative abundances of some bacterial 

species changed over time, these changes followed a similar trend in both groups. Overall, 

there was a slight increase in Bacteroides vulgatus in the presence of black rice 

anthocyanins after 6 h incubation. However, Bifidobacterium longum flourished at 12, 

and 24 h of the incubations in both anthocyanin treated and non-treated vessels. 
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Figure 7. 5. Composition of relative abundances for the 10 most abundant genera for each sample across time at 0, 6, 12, and 24 h. 
The y-axis shows the relative abundance. Whereas, the x-axis shows the specific samples (treatment and replicate) at different time points, where BR refers to treatment 

with black rice anthocyanins, while Ctrl refers to control sample where no black rice anthocyanins were introduced.  



 

Chapter Seven 

250 

 

As can be seen from Figure 7. 6, at 24 h Bifidobacterium longum was the most 

predominant species in both the control and treated groups. Figure 7. 4 indicates that 

samples at 24 h clustered separately from the samples from 6 and 12 h, as such, the 

samples from 24 h were eliminated from further analysis. Therefore, the bar chart in 

Figure 7. 7 presents the relative abundances of the top 10 most abundant species only at 

0, 6, and 12 h time points. Bacteroides vulgatus increased over time in anthocyanin treated 

samples compared to control samples. In addition, in the presence of anthocyanins, the 

relative abundance of Citrobacter freudii was slightly increased but not significantly 

increased compared to control samples at 6 and 12 h. Compared to control samples, the 

proportion of Ruminococcus torques was also shown to be increased in the presence of 

anthocyanins but only at 6 h, but it was not statistically significant.  

 

Figure 7. 6. Composition in relative abundances of the top 10 most abundance species in the 

anthocyanin-treated and non-anthocyanin-treated control samples from the in-vitro colon model 

collected at 0, 6, 12 and 24 h incubations. 
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Figure 7. 7. Composition in relative abundances of the top 10 most abundant species in the anthocyanin-treated and non-anthocyanin-treated control samples 

from the in-vitro colon model at 0, 6, and 12 h time points. 
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When analyses were carried out at 0, 6 and 12 hr, microbial compositions at the Phylum 

level were presented using Krona plots 265. Similar to reports in the literature, at the start 

of the experiment, samples at 0 h had a predominance of Firmicutes with an average of 

58% of the classified reads, followed by Bacteroidetes with 37% and Actinobacteria with 

5% (Figure 7. 8).  

As incubation time progressed, the microbial composition shifted from what was 

observed at 0 h and what would be observed in human colonic samples. At 6 h, the 

microbial composition of control samples had Bacteroidetes as the dominant Phylum 

(38% of total) followed very closely by Actinobacteria (33%), Firmicutes (23%) and 

Proteobacteria (6%). However, in samples treated with anthocyanins, Bacteroidetes was 

also the dominant phylum although with a higher percentage (43%) followed by 

Actinobacteria (27%), Firmicutes (22%) and Proteobacteria (9%). The proportions of 

Bacteroidetes and Proteobacteria were higher in samples treated with anthocyanins than 

observed in control samples, while the proportion of Actinobacteria was slightly lower in 

the anthocyanin treated samples than in the control samples. However, they were not 

statistically different.  

No significant differences were observed. However, at 12 h, in the control samples the 

taxonomic composition shifted slightly, and the dominant Phylum became Actinobacteria 

(36%) followed by Firmicutes (31%), Bacteroidetes (26%) and Proteobacteria (7%). 

However, in samples treated with anthocyanins, Actinobacteria and Bacteroidetes were 

the most dominant Phyla (33 and 32%, respectively) followed by Firmicutes (26%) and 

Proteobacteria (9%). Samples treated with anthocyanins had a higher proportion of 

Bacteroidetes (32%) compared to Firmicutes (26%), whereas in control samples, the 

opposite effect was observed, where Firmicutes (31%) had a larger abundance than 

Bacteroidetes (26%). Finally, samples treated with anthocyanins had higher proportion of 

Proteobacteria (9%) compared to control samples (7%). A summary of compositional 

changes at the phylum, genus and species levels is also presented in the following figures 

(Figure 7. 9, Figure 7. 10, and Figure 7. 11) Next, functional analyses were carried out 

to determine whether anthocyanin treatment had any effect on specific pathways involved 

in anthocyanin metabolism.



 

Chapter Seven 

253 

 

 

Figure 7. 8. Microbial composition at the Phylum level for samples taken at the start of the experiment (T0), control samples (Ctrl) and samples treated with 

anthocyanins (BR) at 6h and 12h. 
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Figure 7. 9. Microbial composition at the species level for samples taken at the start of the 

experiment (T0). 
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Figure 7. 10. Microbial composition at the species level for control samples (Ctrl) and treated anthocyanins (BR) at 6 h (T6).
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Figure 7. 11. Microbial composition at the species level for control samples (Ctrl) and treated anthocyanins (BR) at 12 h (T12). 
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7.4.4. Functional analysis: Pathways  

After pre-processing of the metagenomics dataset, Metabolic Reconstruction and 

Pathway Analysis using HUMAnN3 (Chapter 2, section 2.4.7) was used for functional 

analysis. MaAsLin2, selecting Linear Model (LM) method, was used to test the 

association between Pathway relative abundances and the effect of anthocyanins in the 

microbiome (Chapter 2, section 2.4.8). Whole-genome shotgun metagenomics has the 

advantage of sequencing to a high enough resolution to study community structures, 

phylogenetic composition, species diversity, metabolic capacity, and  functional  diversity 

and to facilitate maximal capture of organismal and functional data of the microbiota 266.  

HUMAnN3 was employed for profiling the abundance of microbial metabolic pathways 

and other molecular functions. MaAsLin2 is used to find associations between 

community total abundances with the effect of the treatment over time (Chapter 2, 

section 2.4.8) 

Several metabolic pathways were chosen from several hundred that were considered 

likely to be relevant to anthocyanin metabolism to show the metabolic capacity of the gut 

microbiota, such as anaglycolysis pathway (Glycolysis Ⅲ), catechol degradation Ⅲ 

(ortho-cleavage pathway), catechol degradation to β-ketoadipate, cinnamate degradation 

to 2-oxopent-4-enoate, 3-hydroxycinnamate degradation to 2-oxopent-4-enoate, and 4-

methylcatechol degradation (ortho cleavage).  The metabolic pathways were not differed 

between controls and anthocyanin treatments, the genes for enzymes involved in certain 

pathways were present at both 6 and 12 h. These pathways are related to catechol that 

show different effect due to treatment and time. For example, the abundance of genes in 

the ortho-cleavage pathway of catechol degradation to β-ketoadipate (Figure 7. 12) and 

4-methylcatechol degradation (Figure 7. 13) were shown to be different (but not 

statistically different) between controls (Ctrl) and black rice anthocyanin treated (BR) 

samples. In both figures, Klebsiella oxytoca was the dominant species involved in both 

ortho-cleavage pathways of catechol and 4-methylcatechol degradation. Although the 

data show differences over time between samples at the start of the experiment (T0) and 

samples at 6 and 12 h, no statistical differences were observed between control samples 

(Ctrl) and black rice treated samples (BR) at 6 and 12 h.
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Figure 7. 12. The effect of anthocyanin treatment and time on ortho-cleavage pathway of catechol degradation to β-ketoadipate. 

The black rice anthocyanins (BR) were incubated into seven colon model vessels which was inoculated with 1% faecal slurry, whereas other seven vessels were only 

inoculated with 1 % faecal slurry (Ctrl). The y axis shows the abundance of genes expressed as counts per million reads mapped (CPM). 
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Figure 7. 13. The effect of anthocyanin treatment and time on ortho-cleavage pathway of 4-methylcatechol degradation. 

The black rice anthocyanins (BR) were incubated into seven colon model vessels which was inoculated with 1% faecal slurry, whereas other seven vessels were only 

inoculated with 1 % faecal slurry (Ctrl). The y axis shows the abundance of genes expressed as counts per million reads mapped (CPM). 
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7.4.5. Functional analysis: Enzyme commission categories 

In addition to investigating some metabolic pathways, enzyme commission (EC) 

categories were also investigated. Enzyme commission numbers (EC numbers) is a 

numerical classification system that is used to group enzymes on the basis of the chemical 

reactions that they catalyse. By using the gene family abundances, HUMAnN3 is used to 

reconstruct the abundance to enzyme commission (EC) categories in the microbiome 

using the function humann_regroup_table (Chapter 2., section 2.4.7). MaAsLin2 is used 

to find associations between community total abundances with the effect of the treatment 

over time (Chapter2, section 2.4.8). MaAsLin2 was used for selecting Linear Model 

(LM) method to test the association between EC category relative abundances and the 

effect of anthocyanins in the microbiome. 

The same approach of using EC category relative abundances was carried out and 

hundreds of EC categories were investigated. Only few EC categories showed the most 

significant changes in terms of the interaction of treatment and time for samples treated 

with anthocyanins at 6h and 12h. At 6 h, 20 EC categories were selected that show the 

most significant changes over time by black rice anthocyanin treatment (BR) (Table 7. 

1). At 12 h, 20 EC categories that show the most significant changes over time by BR 

were also selected (Table 7. 2). However, there were no apparent changes in the 

abundance of any genes encoding any of the identified enzymes in response to treatment 

versus control at both 6 and 12 h. For example, β-glucosidase has been reported to be 

involved in metabolism of anthocyanins and other flavonoids, which play important role 

in hydrolysing the sugar moieties from their aglycones 93,176. Therefore, 

1,4- β- glucosidase was examined where Roseburia intestinalis and Roseburia intestinalis 

CAG 13 were shown to be involved in, but no significant difference neither between 

controls and BR treatments or within the same treatment over time (Figure 7. 14). In 

addition, catechol 1,2-dioxygenase was also investigated which showed increase over 

time in both controls and BR treatments where Klebsiella oxytoca and Klebsiella 

michiganensis were shown to be involved (Figure 7. 15). But no significant difference 

between controls and BR treatments was detected.  
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Table 7. 1. The 20 EC categories that show the most significant changes by BR anthocyanin treatment at 6h. 

 
 

Feature Treatment.Time coef stderr N N.not.0 pval qval

2.4.1.20..Cellobiose.phosphorylase BR.6h -0.0104895 0.00022129 41 41 4.84E-34 1.79E-30

3.6.3.40..Teichoic.acid.transporting.ATPase BR.6h -0.0128894 0.00030545 41 41 2.96E-32 4.39E-29

3.4.13.19..Membrane.dipeptidase BR.6h -0.009607 0.00024136 41 41 2.32E-31 2.15E-28

3.6.3.23..Oligopeptide.transporting.ATPase BR.6h -0.0032694 8.30E-05 41 14 3.31E-31 2.23E-28

3.2.1.91..Cellulose.1.4.beta.cellobiosidase..non.reducing.end. BR.6h -0.0090989 0.00023808 41 41 9.71E-31 5.54E-28

3.5.4.2..Adenine.deaminase BR.6h -0.0141788 0.00038099 41 41 2.47E-30 1.22E-27

3.5.2.14..N.methylhydantoinase..ATP.hydrolyzing. BR.6h -0.00954 0.00025963 41 38 3.86E-30 1.69E-27

3.2.1.74..Glucan.1.4.beta.glucosidase BR.6h -0.0111952 0.00030593 41 38 4.46E-30 1.72E-27

2.7.1.35..Pyridoal.kinase BR.6h 0.00703876 0.00020093 41 41 2.06E-29 5.66E-27

2.1.1.148..Thymidylate.synthase..FAD. BR.6h -0.0109538 0.00031491 41 41 2.64E-29 6.99E-27

1.3.1.74..2.alkenal.reductase..NAD.P..... BR.6h -0.0084342 0.00024299 41 41 2.84E-29 7.03E-27

1.10.9.1..Plastoquinol..plastocyanin.reductase BR.6h -0.0097879 0.00028441 41 35 3.83E-29 8.61E-27

3.6.3.15..Sodium.transporting.two.sector.ATPase BR.6h -0.0087261 0.00025666 41 41 5.86E-29 1.21E-26

2.1.1.191..23S.rRNA..cytosine.1962..C.5...methyltransferase BR.6h -0.009002 0.00026653 41 41 7.38E-29 1.40E-26

4.1.99.14..Spore.photoproduct.lyase BR.6h -0.0087054 0.00025908 41 38 8.84E-29 1.60E-26

1.3.99.22..Coproporphyrinogen.dehydrogenase BR.6h -0.009319 0.00027824 41 41 9.90E-29 1.75E-26

6.3.5.6..Asparaginyl.tRNA.synthase..glutamine.hydrolyzing. BR.6h -0.0104751 0.00031456 41 41 1.21E-28 2.09E-26

1.5.1.7..Saccharopine.dehydrogenase..NAD.....L.lysine.forming. BR.6h -0.0108025 0.00033566 41 41 3.98E-28 6.02E-26

4.4.1.8..Cystathionine.beta.lyase BR.6h 0.00989867 0.00031664 41 41 1.09E-27 1.33E-25

4.1.1.32..Phosphoenolpyruvate.carboykinase..GTP. BR.6h -0.0070916 0.00022823 41 41 1.35E-27 1.58E-25
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Table 7. 2. The 20 EC categories that show the most significant changes for treated samples with BR anthocyanins at 12h. 

 
 
 

Feature Treatment.Time coef stderr N N.not.0 pval qval

2.4.1.20..Cellobiose.phosphorylase BR.12h -0.010171206 0.000233257 41 41 9.29E-33 1.72E-29

3.6.3.23..Oligopeptide.transporting.ATPase BR.12h -0.003269412 8.75E-05 41 14 2.11E-30 1.12E-27

3.4.13.19..Membrane.dipeptidase BR.12h -0.009190724 0.000254421 41 41 7.02E-30 2.48E-27

3.2.1.91..Cellulose.1.4.beta.cellobiosidase..non.reducing.end. BR.12h -0.008985947 0.000250954 41 41 9.56E-30 3.22E-27

3.6.3.40..Teichoic.acid.transporting.ATPase BR.12h -0.011182593 0.00032197 41 41 2.78E-29 7.03E-27

3.2.1.74..Glucan.1.4.beta.glucosidase BR.12h -0.01103248 0.000322473 41 38 4.71E-29 1.03E-26

3.5.2.14..N.methylhydantoinase..ATP.hydrolyzing. BR.12h -0.008728843 0.000273678 41 38 5.44E-28 7.61E-26

6.3.5.6..Asparaginyl.tRNA.synthase..glutamine.hydrolyzing. BR.12h -0.010575706 0.000331577 41 41 5.44E-28 7.61E-26

1.10.9.1..Plastoquinol..plastocyanin.reductase BR.12h -0.009425623 0.000299793 41 35 8.96E-28 1.15E-25

2.1.1.148..Thymidylate.synthase..FAD. BR.12h -0.010314468 0.000331943 41 41 1.35E-27 1.58E-25

2.7.1.35..Pyridoal.kinase BR.12h 0.006579224 0.000211801 41 41 1.36E-27 1.58E-25

1.3.1.74..2.alkenal.reductase..NAD.P..... BR.12h -0.007884543 0.000256134 41 41 1.87E-27 2.07E-25

4.1.99.14..Spore.photoproduct.lyase BR.12h -0.008361987 0.000273093 41 38 2.25E-27 2.38E-25

3.6.3.15..Sodium.transporting.two.sector.ATPase BR.12h -0.008117595 0.000270544 41 41 4.54E-27 4.55E-25

3.2.1.4..Cellulase BR.12h -0.013889909 0.000472542 41 41 9.25E-27 8.80E-25

1.1.1.244..Methanol.dehydrogenase BR.12h -0.006653433 0.000230067 41 41 1.62E-26 1.51E-24

3.5.4.2..Adenine.deaminase BR.12h -0.011443702 0.000401599 41 41 2.70E-26 2.36E-24

2.1.1.191..23S.rRNA..cytosine.1962..C.5...methyltransferase BR.12h -0.007879556 0.000280948 41 41 4.68E-26 3.93E-24

4.4.1.8..Cystathionine.beta.lyase BR.12h 0.009268408 0.000333771 41 41 6.59E-26 5.37E-24

1.5.1.7..Saccharopine.dehydrogenase..NAD.....L.lysine.forming. BR.12h -0.0096473 0.000353817 41 41 1.24E-25 9.44E-24
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Figure 7. 14. The relative abundances of species level for the EC glucan 1,4-β-glucosidase that presented different relative abundances due to anthocyanin 

treatment and time. 
Relating community-total abundance to the groups and time points showed that both samples treated with anthocyanins (BR) and controls (Ctrl) exhibit no enrichment 

of the genes involved in production of 1,4-β-glucosidase at 6 h and 12 h. The y axis shows the abundance of genes expressed as counts per million reads mapped (CPM). 
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Figure 7. 15. The relative abundance for Pathway 1.13.11.1: Catechol 1,2-dioxygenase, compared the relative abundance for the two Klebsiella species in the 

pathway: Klebsiella oxytoca and Klebsiella michiganensis. 
Relating community-total abundance to the groups and time points showed that samples treated with anthocyanins exhibit a higher enrichment of the pathway compared 

to control samples at 6 h and 12 h. The y axis shows the abundance of genes expressed as counts per million reads mapped (CPM). 
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7.5. Discussion 

The aim of this chapter was to determine how treatment with anthocyanins affects the 

structure and function of the human colonic microbiome, which was assessed using an 

in-vitro human colon model and comparing anthocyanin treatments to controls, and 

monitoring over time using shotgun metagenomics. 

The main findings in this chapter were that (i) mild effects ( but not statistically different) 

were observed with black rice anthocyanins on the gut microbiota composition of one 

donor, (ii) black rice anthocyanins reduced the abundance of the phylum Firmicutes and 

increased the abundance of the phylum Bacteroidetes but no statistical significant was 

observed, (iii) Bacteroides vulgatus was considerably increased (not significant 

difference) at 6 h in the presence of black rice anthocyanins, (iv) Bifidobacterium longum 

dominated the microbial profiles  at the end of incubations in both control and treatment, 

and (v) the genes putatively involved in the ortho-cleavage degradation pathway of 

catechol were shown to be present in Klebsiella oxytoca and increased in the presence of 

anthocyanins, although this was not significant.  

Data presented in this chapter showed mild changes with no significant differences on the 

gut microbiome structure after the treatment of black rice anthocyanin extract. However, 

several studies that have investigated the effect of anthocyanins on the gut microbiota 

profile have reported that anthocyanins increase the abundance of beneficial 

Bifidobacteria and Lactobacilli species 2,164,177,192,195.  Data presented in this chapter, 

however, showed no substantial effect on these genera after black rice anthocyanin 

treatments. This may suggest that anthocyanins may not modulate the composition of the 

human gut microbiota. This is in agreement with a human study reported by Percival, 

who stated that no significant effects of black rice and bilberry anthocyanins on the 

structure of the participants’ gut microbiota258. Although the mild or may be no-effect of 

anthocyanins on the gut microbiota composition were shown in this chapter, the data was 

obtained from the use of a faecal sample from a single donor. In chapter 4 and 6, different 

inter-individual variations were shown in the metabolism of anthocyanins. Therefore, it 

is possible that this variation in between individuals in anthocyanin metabolism is also 

exist for the notion of anthocyanins are able to alter the gut microbiota composition. 
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However, this was in contrast with a human study reported by Percival, (2021) which 

examined multiple donors, but there were no significant changes on the gut microbiota 

composition by consuming anthocyanins.  Therefore, for future in-vitro work, it would 

be worthwhile to investigate the effects of anthocyanin treatments on the structure and 

function of the gut faecal microbiome using faecal sample from different individuals.   

The phyla Bacteroidetes and Firmicutes constitute a dominant part of the human gut 

microbiota, together accounting for 90% of the human gut bacterial species 143. Although 

there are debates on good and bad bacteria in the literature 161, several reports have shown 

that many Bacteroides species are able to deliver beneficial effects to the host compared 

to Firmicutes 189. Data presented in this chapter showed that there was a slight shift at 

phylum level in the relative abundance of Bacteroidetes when in the presence of black 

rice anthocyanins, where Bacteroidetes increased over Firmicutes at 6 and 12 h. 

Consequently, at the species level, the major change was Bacteroides vulgatus which was 

shown to be increased in the presence of black rice anthocyanins over other species at 6 

h. However, no significant difference was observed. 

There is conflicting evidence in the literature regarding whether anthocyanins are able to 

alter the gut microbiota composition 247. The in-vitro studies showed an increase in 

Bifidobacterium spp., Lactobacillus spp and Enterococcus spp. in response to 

anthocyanin treatments 166,177,196. However, animal studies have shown that anthocyanin 

intervention can increase the abundance of Actinobacteria 267,268. The inhibition of 

Clostiridium spp. (i.e., C. histolyticum which is pathogenic in humans) by anthocyanins 

has also been reported 137. However, in this chapter, a mild increase (but not significant) 

in the abundance of Bacteroides was observed in response to the presence of black rice 

anthocyanins. This variation between in-vitro and in-vivo studies may be due to the host 

effect (genetic polymorphisms or upper GI metabolism) of the animal. In addition, the 

difference between some in-vitro studies and the study presented in this chapter is that 

the model used in this chapter was pH-controlled and the method used to determine the 

structure of gut microbiota was microbiome shotgun sequencing. Whereas in the 

literature, they did not control the pH, and the determination method of the microbiota 

used was fluorescent in situ hybridisation (FISH) 137.  
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Although there is no significant difference, data presented in this chapter showed that the 

greatest changes of faecal gut microbiota composition due to black rice anthocyanins 

supplement were only observed at 6 and 12 h. In chapters 4 and 6, the black rice 

anthocyanins were observed to be fully degraded between 6 and 10 h causing various 

metabolites to appear (i.e., PCA, PGA, and catechol) at these times or thereafter during 

the in-vitro colon model fermentations. This might suggest that anthocyanins themselves 

rather than anthocyanin metabolites modulate the composition of the gut microbiota. 

There are several other pieces of evidence to support this notion. Firstly, as shown in 

chapter 6, the Cmax of anthocyanin metabolites observed in the colon model fermentations 

were very low (typically between 1-10 µM compared to Cinitial of the anthocyanins (133.3 

µM). Secondly, bacterial catabolism generates a mixture of diverse metabolites in the 

culture and not all of these may affect the gut microbiota. Thirdly, gut microbial 

anthocyanin metabolism is a multistep process and eventually generates non-aromatic 

(Aliphatic) metabolites that are fully degraded by the microbiota.  

It was also reported in the literature that genes known to be implicated in anthocyanin 

metabolism, such as β-glucosidase were involved 93,173,176. In chapter 6, the microbial 

metabolic pathways of black rice anthocyanins (Cya3Glc and Peo3Glc) were 

investigated; thus, enzymatic reactions were expected based on the appearance of various 

metabolites. For example, the metabolic pathway forming catechol from Cya3Glc is 

[Cya3Glc→PCA→catechol]; therefore, β-glucosidase and protocatechuate 

decarboxylase were expected to be observed from this metabolic pathway. However, no 

genes for enzymes were observed to be significantly more abundant when in the presence 

of black rice anthocyanins. One of the barriers in terms of understanding the role of the 

gut microbiota in anthocyanin metabolism is that few of the enzymes known to be 

involved in anthocyanin metabolism have been identified or characterised as well as β-

glucosidase. It is highly likely that several of the reactions involved in anthocyanin 

metabolism can be carried out by multiple enzymes. It should be acknowledged that the 

metagenomic dataset can only be used to see if genes are present in the profiled 

microbiota but cannot provide any information relating to gene expression.  

A recent human study reported that catechol and its phase 2 conjugates (sulfate conjugate) 

were major metabolites excreted in urine and were positively correlated with the 
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microbial species Bacteroides finegoldii and Bacteroides salyersiae after black rice 

anthocyanin consumption (Percival, 2021). However, only the abundance of Bacteroides 

vulgatus was relatively increased in black rice treatments compared to controls. This 

shows that the genera of Bacteroides may be involved in anthocyanins metabolism and 

thus their relative abundance increased in the presence of anthocyanins.  However, the 

different observations between the two studies (the colon model and the human study) 

with respect to Bacteroides at the species level between may have due to the effect of the 

host (upper GI tract) in the in-vivo study 258, or due to using a single donor in the study 

presented in this chapter which a limitation to data shown on various species of 

Bacteroides. 

There are strengths in the study presented in this chapter. For example, studying the 

changes of the faecal gut microbiota in response to anthocyanin using a pH control in-

vitro colon model has not been reported before. In addition, previous studies have not 

used the high throughput sequencing (metagenomics) which provides more information 

than other methods used. However, the study in this chapter investigated only one donor, 

which could mean that individual variations would not be able to be confirmed. This may 

affect the conclusion on the effects of anthocyanins on the gut microbiota composition.  

7.6. Conclusions 

The work in this chapter assessed the impact of anthocyanins on the human gut 

microbiome, showing mild effects of black rice anthocyanins on the structure and 

function of the human gut microbiome. Overall, the data presented does not support the 

hypothesis that consuming anthocyanins alters the structure and function of the human 

gut microbiota. However, the identification of gut microbiota species associated and/or 

involved in anthocyanins metabolism is still in its infancy, as such it is not possible to 

draw a fully informed conclusion with respect to whether anthocyanin consumption 

modulates the human gut microbiome. Despite this, Bacteroides vulgatus was observed 

to be relatively increased (but not significant) at 6 h in the presence of black rice 

anthocyanins. It is likely that this is due to functional metagenomics data only providing 

information regarding the abundance of a gene in the metagenome and not its expression, 

limiting the conclusions that can be drawn from this data. Furthermore, it is possible that 
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using the faecal microbiome from a single donor is not representative enough to see 

changes in the microbiome composition. Therefore, future work could focus on the 

isolated bacteria that are known to be involved in the biotransformation of anthocyanins 

into phenolic metabolites, such as catechol, PCA, and PGA. This may further our 

understanding of how the human gut microbiota metabolise anthocyanins differently and 

how this may affect an individuals’ response to dietary anthocyanins, and the health 

effects associated with anthocyanins consumption. 
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Chapter 8: General discussion 

8.1. Summary of main findings 

The overall aim of the research presented in this thesis was to investigate the interactions 

between dietary anthocyanins and the human gut microbiota, using in-vitro colonic batch 

fermentation models. The specific objectives were to investigate (1) the role of the human 

gut microbiota in the metabolism of dietary anthocyanins and (2) the impact of 

anthocyanins on the structure and function of the human gut microbiota. The main 

findings were as follows: 

 

• The colonic loss of anthocyanins was partly spontaneous and partly due to the 

activities of the gut microbiota, with the kdeg being considerably faster in the 

presence of live faecal microbiota compared to autoclaved faecal microbiota. 

 

• The pH of colonic fermentations, the hydroxylation pattern of the anthocyanin B-

ring, and the type of sugar moiety were important factors affecting the kdeg of 

anthocyanins via both spontaneous and gut microbiota-dependent processes. 

 

• Several metabolites including 3,4-DHPAA, PCA, PGA, catechol, PGCA, 4-

methylcatechol, dihydrocaffeic acid, and dihydroferulic acid were identified as 

microbiota-dependent metabolites from the fermentation of black rice 

anthocyanins.  

 

• Two microbial metabolic pathways were indicated, i.e., [Cya3Glc → PCA → 

catechol] and [Cya3Glc → PGA → PGCA → phloroglucinol] during the colonic 

fermentation of Cya3Glc. 

 

• In contrast, it was shown that in the absence of live gut microbiota, anthocyanins 

and anthocyanidins underwent a classic pH-dependent transformation to form 
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colourless intermediates (hemiketal, hemiketal ketone, chalcone, chalcone 

anionic forms) in the colon model. 

 

• There was considerable between-donor variation in microbiota-dependent 

degradation of anthocyanins. 

 

• Within-donor, between stool variation in microbiota-dependent degradation, was 

modest, but for spontaneous degradation, differences were more substantial.  

 

• Only in the presence of atmospheric oxygen did anthocyanins (i.e., Cya3Glc) 

undergo a series of auto-oxidative processes that formed products such as 2,4,6-

trihydroxyphenyloxoacetic acid, 3,4-dihydroxyphenyloxoacetic acid, and 

coumarin-Glc).  

 

• The impact of exposing human faecal microbiota to black rice anthocyanins was 

modest, with only small differences (but non-statistically significant) compared 

to controls observed at phylum and genus level at 6, and 12 h (small reduction in 

the abundance of Firmicutes and small increase in Bacteroidetes (mainly 

Bacteroides vulgatus)).   

8.2. Discussion points 

8.2.1. In-vitro studies of anthocyanin degradation under aerobic 

conditions cannot be used to determine degradation in anaerobic 

environments such as the colon 

A healthy gut is characterized by a low level of oxygen, neutral pH, and by the presence 

of large bacterial communities of anaerobes 269. However, several reports of in-vitro 

studies investigating the spontaneous degradation of anthocyanins at neutral pH were 

conducted in aerobic conditions 38,87. This opens a new discussion on whether the aerobic 

spontaneous degradation of anthocyanins is relevant to what happens in the colon or not. 

Aerobic conditions have relevance for anthocyanin stability/degradation during food 

processing, in the mouth and oesophagus (but only for a short time) and the stomach 

(although here the acidic conditions will increase the stability of anthocyanins). However, 
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data presented in this thesis (Chapter 5) show that aerobic conditions are not a suitable 

mimic of the colon where the pH is neutral, and it is anaerobic. The research presented in 

chapter 5 showed that spontaneous degradation of anthocyanins was slower in the 

anaerobic condition than in the aerobic one. In addition, in the absence of oxygen, 

anthocyanins underwent pH-dependent structural changes of anthocyanin flavylium into 

chalcones and chalcones anionic forms (colourless forms) and no PCA or PGA was 

detected. In contrast, various breakdown products (including PCA and PGA as previously 

reported were shown to be formed in the presence of oxygen38,87. However, based on the 

evidence in chapter 5, the appearance of simple phenolic compounds (including PCA and 

PGA) in the colon condition is mainly due to the gut microbiota activity.  This provides 

important information for future in-vitro colonic studies to differentiate between the 

spontaneous and microbiota-dependent processes of phenolic compounds. Therefore, the 

biological activity of microbial metabolites should be, for example, investigated under 

anaerobic condition rather than in the presence of oxygen. This may further the research 

on that topic to investigate the biological effect of these metabolites in both aerobic and 

aerobic environments. 

8.2.2. In-vitro studies of anthocyanin metabolism need to use appropriate 

models 

To date, only one study has investigated the metabolism of anthocyanins using a pH-

controlled in-vitro model 177. However, all other in-vitro studies have used simple buffer 

solutions to investigate the metabolism of anthocyanins 88,89,91,93,96,166,170,173–176,240,260. In 

this thesis, data presented in chapter 4 showed that controlling the pH of the in-vitro colon 

model is a critical parameter for studying anthocyanin metabolism by the gut microbiota. 

For example, data was presented (figure 4.13 in chapter 4) showing that both spontaneous 

and gut microbiota-dependent rates of degradation of anthocyanins were substantially 

reduced in an uncontrolled pH model. 

 

Several of the cited reports in the previous paragraph used simple buffers to maintain the 

pH near neutral, e.g., 150 mM phosphate buffer 89, 130 mM carbonate phosphate buffer 
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170, and 100 mM phosphate buffer 88,91. These buffers may maintain the pH at the 

beginning of incubation, but it is more likely to lose their buffer capacity over a long 

period of fermentation due to the continuous production of acids associated with bacterial 

growth. In addition, the use of high buffer capacity solutions introduces significant 

concentrations of buffer salts into the media which may affect the overall growth of the 

faecal microbiota or could select some species over others. During this project, the effect 

of low and high buffer capacity solutions was investigated, and it was demonstrated that 

there were differences in the growth of two gut microbiota species (Escherichia coli and 

lactobacillus lactis) over time (Appendix 7). It is also possible that the presence of high 

concentrations of buffer salts not only affects the rate of microbial degradation of 

anthocyanins, but also the nature of the anthocyanin metabolite products of degradation. 

Therefore, further work should be carried out to establish the effects of buffer salts on 

anthocyanin degradation. Furthermore, in-vitro studies investigating the impact of 

anthocyanins on the gut microbiota composition also need to consider the effect of the 

salts used in the media. 

8.2.3. Is PCA an important metabolite of anthocyanin degradation in 

humans? 

The earliest reports of the bioavailability of anthocyanins from plant foods were in the 

late 1990s and only described the appearance of the intact anthocyanins in the urine of 

participants270. The first report of the bioavailability of a ring-fission metabolite from 

anthocyanins was that of Vitaglione and others who concluded that PCA was the major 

human metabolite of Cya3Glc that was present in blood orange juice and this single 

metabolite accounted for 44 mol% of the ingested Cya3Glc113. Since this report was 

published, there has been a steep increase in the year-on-year number of papers published 

concerned with establishing putative biological effects of PCA (Figure 8. 1). However, 

in this thesis (Chapter 6), data has been presented to show that PCA is a microbiota-

dependent metabolite and not the most accumulated metabolite at 24 h but as an 

intermediate to the formation of catechol. In addition, a number of other potentially 

important metabolites of Cya3Glc were found to be accumulating and were identified, 

including 3,4-DHPAA, catechol, dihydroferulic acid, dihydrocaffeic acid and PCGA. 

Indeed, the report by Vitaglione 113 also contradicts more recent human bioavailability 
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studies reported by De Ferrars99 and Percival258 where PCA was not a major accumulating 

metabolite of purified forms of Cya3Glc (Table 8. 1). For example, Percival (2021) 

reported that catechol sulfate was the most abundant metabolite of Cya3Glc among other 

important metabolites (i.e., PCA-3-O-sulfate, PCA-3-O-glucuronide, catechol 

glucuronide, and homovanillic sulfate, homoPCA (DHPAA), and homovanillic sulfate) 

in participants who had consumed highly purified black rice anthocyanins. Similarly, De 

Ferrars paper reported that ferulic acid, 4-hydroxybenzaldehyde, vanillic acid, PCA-

sulfate, PCA-glucuronide, and vanillic acid sulfate were the main metabolites identified 

and quantified in urine after ingestion of penta[13C]-Cya3Glc99. In agreement with De 

Ferrars  and Percival reports 99,258 , the in-vitro colon model fermentation data presented 

in Chapter 6 showed that the most abundant metabolites accumulating as a result of 

metabolism in a human faecal-inoculated colon model were 3,4-DHPAA, PCA, PGA, 

catechol, PGCA, dihydroferulic acid, and dihydrocaffeic acid. In addition, the Cmax of 

PCA was shown to be ~ 10 % of incubated Cya3Glc. Therefore, the data in this thesis 

sugested that PCA is not the major or the accumulating Cya3Glc metabolite, but others 

(e.g., catechol) are important metabolites which they may significantly contribute to the 

beneficial properties of consumed anthoyanins.  

Table 8. 1. Comparison between different human studies on the protocatechuic acid (PCA) 

recoveries. 

 
Vitaglione et al., 

(2007)113 

De Ferrars et al., 

(2014) 99 
Percival, (2021) 258 

Ingested Cya3Glc 
Red orange juice 

(71 mg Cya3Glc) 

13C-labelled Cya3Glc 

(500 mg) 

Purified black rice 

anthocyanins 

(320 mg/day 

Cya3Glc) 

Intervention time 24 h 48 h 28 days 

PCA in serum 44 % 0.004 % n.d. 

PCA in urine (mol%) n.d. 0.01 0.06 

PCA in faeces (mol%) 41.6 0.07 N/D 

n.d., a compound not detected; N/D, a compound not determined (not investigated). 
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Figure 8. 1. Times cited and publications over time of protocatechuic acid (PCA) and its 

relationship to human health. 

(Source: Web of Science; last access June 2022; the search keyword: protocatechuic acid (PCA) and human 

health). 

 

8.2.4. Which anthocyanin metabolites should be studied for their possible 

biological activity with relevance to human health? 

The data in this thesis provides evidence that the gut microbiota metabolise anthocyanins 

into various simple phenolic compounds arising from initial ring fission events. These 

metabolites may be important in delivering the health benefits of anthocyanin-rich foods 

bearing in mind the poor bioavailability of anthocyanins. In the opinion of the author, the 

three best studies describing the human ring fission metabolites of Cya3Glc are that 

reports of de Ferrars99, Percival258 and this thesis. Both published reports show that PCA-

sulfate, PCA-glucuronide, Isovanillic acid sulfate, and homovanillic sulfate are important 

human metabolites of Cya3Glc while the Percival report 258 also provides evidence that 

catechol-sulfate is indeed the most abundant metabolite, and it has been noted that De 

Ferrars report 99 did not search for this compound and so would not have detected it using 

LC-MS in multiple reaction monitoring (MRM) mode. However, the data in this thesis 

confirms that these metabolites (but not in conjugated forms) are formed through the 

activity of the human faecal microbiota and accumulate to the highest concentrations in a 

humanised colon model. In addition,  Percival report 258 showed other conjugated 

metabolites were B-ring Cya3Glc metabolites (i.e., catechol sulfate, catechol glucuronide, 
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vanillic acid glucuronide, homoPCA sulfate, PCA glucuronide, PCA sulfate, and 

dihydrocaffeic acid sulfate). Therefore, the most important Cya3Glc metabolites (based 

on their concentrations), and those that should be the priority for future in vitro 

investigations of their putative biological activities are: 

- Catechol-sulfate (e.g., catechol-3-O-sulfate or catechol-4-O-sulfate) 

- PCA-sulfate (e.g., PCA-3-O-sulfate or PCA-4-O-sulfate) 

- Isovanillic acid sulfate 

- Catechol-glucuronide 

- DHPAA  

- Homovanillic acid sulfate 

- Dihydrocaffeic acid sulfate 

Finally, the research conducted in this thesis reinforced that these metabolites accumulate 

but only in unconjugated forms, showing novel Cya3Glc metabolites generated by the 

human gut microbiota such as DHPAA, catechol, PGCA, dihydrocaffeic acid, and 

dihydrocaffeic acid. Therefore, the beneficial effects of anthocyanins could be due to 

these new microbial metabolites and/or the action of a collection of metabolites. The 

effect of collective metabolites is more physiologically relevant since the biological cells 

are prone to different metabolites at the same time. In addition, the biological effects of 

conjugated forms of the aforementioned metabolites would be worthwhile to be included 

in the in-vitro and in-vivo studies. 

8.2.5. Biomarkers of microbiota-dependent degradation of anthocyanins  

In-vitro and human studies regarding the gut microbiota metabolites have focused on the 

B-ring phenolic acid (e.g., PCA from Cya3Glc) as the main metabolite and it has also 

been proposed as a biomarker metabolite of anthocyanin 

consumption 88,89,91,93,96,113,170,173,174,176,177,237,240. In addition, although in the colon 

environment (anaerobic) the production of the B-ring phenolic acids is mainly 

microbiota-dependent, (evidence presented in Chapter 6), B-ring phenolic acids are 

probably not a good biomarker of microbiota-dependent anthocyanin degradation. That 

is because data presented in this thesis (Chapter 5) and elsewhere in the literature 38,87 

shows that B-ring phenolic acids of anthocyanins (such as PCA from Cya3Glc) can also 
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be formed by non-enzymatic oxidative processes when anthocyanins are exposed to 

aerobic conditions at neutral pH. In addition, those phenolic acids (i.e., PCA, gallic acid, 

vanillic acid and 4-hydroxybenzoic acid) are common phenolic compounds found in 

many plant foods 271,272. Therefore, biomarkers of microbiota-dependent metabolism of 

anthocyanins must focus on those generated by microbial enzymatic processes to 

distinguish them from the products of spontaneous degradation. Although other 

flavonoids have some similarities to anthocyanin structures, catechol and 4-

methylcatechol (as well as their conjugated forms) could be good candidates for microbial 

biomarkers of anthocyanin metabolism in the human body. Data presented in chapters 5 

and 6 showed that the formation of catechol and 4-methylcatechol, dihydroferulic acid, 

and dihydrocaffeic acid are microbiota-dependent. They are, therefore, good candidates 

for investigating if there is a human metabotype concerning anthocyanin metabolism. 

There is pretty convincing evidence that metabotypes arising from differences in gut 

microbiota-dependent metabolism of other polyphenols such as ellagic acid/ellagitannins 

(which generate urolithins 186–188,201,273) and the isoflavone daidzein (which generates 

equol 274,275) are associated with different outcomes in human dietary intervention studies 

with foods and extracts rich in these polyphenols. 

8.2.6. Current limitations in microbial gene annotation are preventing 

the identification of the microbial genes responsible for observed metabolic 

steps (Redundancy issues). 

In spite of the fast development of powerful bioinformatics approaches, full interpretation 

of the content of mixed microbial genomes remains a challenging task 276. Various public 

genome sequence databases and associated resources are available worldwide, however, 

the quality of the annotations depends largely on the original dataset providers, with 

erroneous or incomplete annotations often carried over into the public resources and these 

are difficult to correct 277. This limitation might affect the outcomes of research on the 

changes of microbiota profiles. In chapter 7 as well as the report by Percival showed no 

significant impact of anthocyanins on the structure and function of the gut microbiota 258. 

This limitation opens a discussion on the way of collecting data and how to be stored in 

one common database a robust reference for public access. This is because the current 

datasets in these different resources have different degrees of precision and resolution due 
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to diverse annotation methods. In addition to that, public resources, such as NCBI’s 

RefSeq, further process microbial genome data from primary resources 278.  

8.2.7. Impact of polyphenols on the structure and function of the human 

gut microbiota  

There are several reports now in the literature 88,93,96,174,177,258 as well as in this thesis that 

the gut microbiota plays important role in anthocyanin metabolism.  In contrast, studies 

of the impact of anthocyanins on the composition of the human gut microbiota are 

currently very limited, and overall, there is not much evidence that consumption of 

anthocyanins has significant effects on the structure and function of the gut microbiota. 

A recent systematic review of the effect of anthocyanins on intestinal health reported that 

consumption of diets rich in anthocyanins increased the abundance of Bacteroidetes and 

reduced the abundance of Firmicutes 190. However, the data presented in this review was 

mainly generated from animal studies with more purified anthocyanins and/or from 

studies where laboratory animals were fed whole foods and the effect could not be 

attributed to the anthocyanins. There is only one placebo-controlled study of the effects 

of regular daily consumption of isolated anthocyanins on gut microbiota structure and 

function in humans (Percival, 2021), and in that report no significant effects on the gut 

microbiota profile were detected after consumption of purified anthocyanin extracts for 

28 days. In agreement with Percival (2021), data in Chapter 7 showed that there were 

only small effects on the structure and function of the human gut microbiota following 

incubations of faecal gut microbiota with a purified anthocyanin extract. 

Another factor which could play a role in changing the gut microbiota composition is the 

metabolites formed from anthocyanins by the gut microbiota. The in-vitro studies showed 

that the gut microbiota catabolise anthocyanins into simple phenolics, mainly the A-ring 

PGA and B-ring phenolic acid (i.e., PCA from Cya3Glc)88,89,237,240,91,93,96,170,173,174,176,177 . 

This notion was supported in this thesis by the data presented in Chapters 4 and 6. 

However, reports have proposed that anthocyanin consumption can modulate gut 

microbial populations and that the composition of the gut microbiota largely dictates how 

anthocyanins are metabolised 160,165,166,169,268. Therefore, more work will be needed to 

investigate whether only anthocyanins or all ingredients in anthocyanin-rich food have 
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the effect to alter the gut microbiota composition. Additional studies conducted both in 

humans and using in vitro models (such as colon models) are required to confirm if 

anthocyanins are largely benign with regard to their ability to affect gut microbiota 

structure and function, and to investigate if anthocyanin ring-fission metabolites are 

active in this regard. 

8.3. Strengths and limitations of the research 

The work presented in this thesis has provided several new insights into the role of the 

human gut microbiota in anthocyanin metabolism, and there are several strengths in the 

way the research was conducted. For example, a controlled pH model under anaerobic 

conditions was used here while other reports in the literature followed the use of simple 

buffered solutions to investigate the microbial degradation of anthocyanins. In addition, 

a highly purified anthocyanin extract was used here, which provides strong evidence that 

the metabolism and effects observed are due to the anthocyanins and not the other 

components in complex foods. Furthermore, autoclaving the human faecal slurries as an 

additional control was critical to show the contribution of both spontaneous processes and 

of microbiota-dependent processes in the degradation of anthocyanins. 

However, there are some limitations and weaknesses. The colon model only reflects the 

conditions of the human colon, and the observations obtained from these experiments 

cannot reflect transformations that potentially occur in the upper gut, particularly the 

ileum, where the structure of the microbiota community differs 279,280. By using faecal 

glycerol stocks, it is possible that freezing may have affected the viability of certain 

species over others which might have affected the results of anthocyanin metabolism 

experiments, although there was little evidence of this occurring. Indeed, the consistency 

of my observations with those from animal and human intervention studies suggests that 

it is an excellent model for studying the metabolism of anthocyanins in the human colon. 

Due to the inter-individual variations, another potential weakness is that the metagenomic 

analysis for investigating the impact of anthocyanin on gut microbiota structure was 

carried out using one single donor. It is also worth noting that the metagenomic analysis 

only provides data on the relative abundance of genes (DNA) and does not provide any 

information of whether or not the expression of particular genes is being affected, which 
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would require qRT-PCR assays for target genes or transcriptomics fort genome wide 

expression analysis (of mRNA).  

8.4. Recommendations for future work 

This thesis provides new insights into the colonic metabolism of anthocyanins (black rice 

and bilberry) and makes new observations on the role of the human gut microbiota in the 

metabolism and bioavailability of anthocyanins. The main findings were novel showing 

the importance of gut microbiota in the metabolism of anthocyanins and how a different 

set of metabolites are products of microbial metabolism compared to spontaneous 

degradation of anthocyanins. These findings open the way for new questions to be asked 

and investigated in future research. 

 

• It is very important to focus on spontaneous degradation as microbial-

dependent degradation of anthocyanins, considering the difference between 

the aerobic and anaerobic spontaneous degradation of anthocyanins to reflect 

the physiological condition of the human gut. 

• Furthermore, although the majority of in-vitro experiments in the literature 

were carried out using the uncontrolled-pH colon model, in this thesis 

controlling the pH of the fermentation was shown to be an important factor in 

anthocyanin metabolism by the human gut microbiota. Therefore, more work 

needs to be carried out using pH-controlled systems for further investigations 

of other anthocyanin-rich extracts and/or different purified anthocyanin such 

as delphinidin, pelargonidin and petunidin.  

• Data presented in this thesis, in combination with data presented in reports by 

de Ferrars99 and Percival258, show that the most abundant human metabolites 

of Cya3Glc are Catechol-sulfates, PCA-sulfate, Isovanillic acid sulfate, 

Catechol-glucuronide, DHPAA (HomoPCA), Homovanillic acid sulfate, 

Dihydrocaffeic acid sulfate, and yet these have hardly been investigated for 
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their possible biological activities. PCA is a relatively minor metabolite and 

yet there are >100 reports of studies of its biological activities determined 

predominantly using cultured mammalian cell models but also animal feeding 

studies, but very few for catechol-sulfates, the most abundant metabolite. 

Therefore, future research needs to focus on determining relevant biological 

activities for the most abundant anthocyanin metabolites which for Cya3Glc 

are phase-2 conjugates of catechol (catechol-O-sulfates), PCA (-sulfate and -

glucuronide), dihydrocaffeic acid (sulfates), and dihydroferulic acid (-sulfate 

and -glucuronide). Those metabolites could be also investigated separately 

and in pooled mixtures to determine their biological activities. 

• There is little known of the molecular processes by which the gut microbiota 

metabolises anthocyanins. It would seem likely that these processes involve 

at least enzymes such as PCA decarboxylase (that would concert PCA to 

catechol) among others but may also require transporters to affect the uptake 

of the anthocyanins by bacterial cells, and/or cofactors and may even utilise 

bacterial microcompartments. A combination of genetic studies and in-vitro 

molecular and biochemical studies could be undertaken to advance 

understanding of these processes which will help explain the inter-individual 

variation and potentially provide targets for manipulation, e.g., using specific 

dietary components. 

• The data present in this thesis showed that there are various breakdown 

products resulting from the aerobic spontaneous degradation of anthocyanins. 

In chapter 1, an overview of the spontaneous degradation was presented and 

showed that mainly two breakdown products were shown to be a result of 

aerobic spontaneous degradation of anthocyanins (the A-ring PGA and the B-

ring phenolic acid). However, other breakdown products were putatively 

identified in chapter 5 as new spontaneous products of the degradation of 

anthocyanins. The biological activities of these metabolites would also be 

investigated. 
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• In addition, future work should aim to isolate bacteria involved in anthocyanin 

metabolism. This work would be carried out by enriching bacteria using an in-

vitro colon model and then platting the end-point sample on agar colon media 

which is also supplemented with anthocyanins. Three different treatment 

vessels (0, 0.1, and 1 % glucose colon media) are recommended alongside 

control (no anthocyanin; 1 % glucose). For the incubation, continuous feeding 

of anthocyanins to faecal gut microbiota would be carried out using an in-vitro 

colon model over 60 h. The feeding process with anthocyanins would be 

carried out over 5 times (5 cycles: cycle = 12 h). The inoculation of the first 

cycle should be with a 1 % fresh faecal sample, then at the end of each cycle, 

5 mL is needed to inoculate the following cycle which contained 95 mL of 

fresh colon media and anthocyanins. At the end of incubation of cycle 5, 1 mL 

sample will be collected from each treatment to be streaked and then incubated 

anaerobically on Petri dishes.  

• The metagenomic analysis presented in chapter 7 shows no significant impact 

of black rice anthocyanins on the structure and functions of the human gut 

microbiota.  The limitation of the work in chapter 7 was that only one stool 

from one donor was investigated. However, the results in chapters 4 and 6 

show individual variations in anthocyanin metabolism. Therefore, it is 

recommended for future work to investigate more faecal samples from the 

same donor as well as from different donors. Furthermore, it is entirely 

possible that the main effects of anthocyanins on the gut microbiome are to 

alter the expression of specific microbial genes rather than alter the relative 

composition of the microbiome, and studies of gene expression should also be 

undertaken.  
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Appendix 1 

These figures are with reference to the methods applied in Chapter 4. Product specifications of 

the black rice and bilberry extracts used in the in-vitro colon model study 

 

 

Appendix figure 1. 1. Product specifications of the black rice extract used in the in-vitro colon 

model study. 

.
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Appendix figure 1. 2. Product specifications of the bilberry extract used in the in-vitro colon 

model study. 
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Appendix 2 

Appendix table 2. 1. The molar extinction coefficient (Ɛ520nm) of six common anthocyanins. 

Extinction coefficient (Ɛ520 nm) for 6 pure anthocyanins was established in a freshly prepared acidified aqueous (2% v/v formic acid, pH=2.06). The 

Ɛ520  nm for Cya3Glc was 25147.3 ± 289.1 M-1 cm-1. 

 

Anthocya

nin 

Prepared authentic standard 
 

Absorbance 

(520 nm) 
 

Ɛ =A/l*c 

(M-1cm-1) Anthocyanin chloride  Anthocyanin 

Prepared 

concentration 

(mmol/L) 

Exact 

mass 

(g/mole) 

 

Exact 

mass 

(g/mole) 

Actual 

concentratio

n (mmol/L) 

 R1 R2 R3  R1 R2 R3 Mean 
Ɛ520 nm 

(mean± S.D.) 

Cya3Glc 

0.03711 

484.077 

 

449.108 

0.03443  0.855 0.853 0.855  24833 24775 24833 24813 

25200 ± 300 0.03181  0.02951  0.747 0.746 0.747  25312 25278 25312 25301 

0.02783  0.02582  0.653 0.655 0.654  25288 25365 25326 25326 

Peo3Glc 

0.03599 

498.092 

 

463.123 

0.03346  0.783 0.782 0.782  23400 23370 23370 23380 

24100 ± 600 0.03085  0.02868  0.688 0.687 0.687  23988 23953 23953 23965 

0.02699  0.02510  0.621 0.621 0.622  24745 24745 24785 24758 

Mal3Glc 

0.03380 

528.103 

 

493.134 

0.03156  0.834 0.837 0.837  26426 26521 26521 26490 

26250 ± 500 0.02897  0.02705  0.723 0.717 0.719  26727 26505 26579 26604 

0.02535  0.02367  0.605 0.607 0.609  25560 25645 25729 25645 

Del3Glc 

0.03583 

500.072 

 

465.103 

0.03333  0.998 0.993 0.993  29944 29794 29794 29844 

30300 ± 400 0.03072  0.02857  0.878 0.871 0.874  30734 30489 30594 30606 

0.02688  0.02500  0.758 0.763 0.763  30324 30524 30524 30458 

Pel3Glc 

0.04618 

468.082 

 

433.113 

0.04273  0.746 0.748 0.748  17459 17506 17506 17491 

17600 ± 300 0.03848  0.03561  0.620 0.622 0.621  17413 17469 17441 17441 

0.03298  0.03052  0.548 0.548 0.549  17956 17956 17988 17967 

Pet3Glc 

0.03479 

514.087 

 

479.118 

0.03242  0.834 0.827 0.832  25725 25509 25663 25632  

0.02982  0.02779  0.727 0.723 0.727  26162 26018 26162 26114 
26022 ± 400 

0.02609  0.02431  0.640 0.639 0.641  26321 26280 26362 26321 
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Appendix 3 

The following figures with reference to the data presented in Chapter 4 

 

Appendix figure 3. 1. Signals corresponding to the m/z[M+H]+  of anthocyanins in black rice 

extract. 

A fresh stock solution of black rice extract powder (1 mg/mL) was prepared in acidified water (2% formic 

acid). A 10 µL of prepared stock solution was injected through HPLC-ESI-TOF. Both low and high energy 

ionisation were scanned alongside with DAD detector at 500 nm. A gradient elution was performed using 

1% v/v formic acid in water as solvent A, and 1% v/v formic acid in acetonitrile as solvent B.

BR 1 mg/ml

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

210930_BR_001 1268 (17.757) 1: TOF MS ES+ 
2.94e5463.124

301.072

158.030 214.092
459.280

360.208

464.127

476.307 565.282 609.308
653.334 751.146 897.204

780.453 !
1035.293

991.550
!

1071.966

210930_BR_001 1137 (15.928) 1: TOF MS ES+ 
3.74e4595.165

521.092158.030
214.092

476.305

287.057 382.222

596.169

648.378 692.408
736.431

824.482
860.335

!
913.197

1091.648

210930_BR_001 1006 (14.089) 1: TOF MS ES+ 
2.97e6449.110

287.058

214.092158.031
288.061 437.236

450.113

451.115
502.020 609.310 897.207

653.336
697.363785.413 950.117 1345.3011148.708

986.094
!

1284.669

!
1183.695 1399.211

!
1499.481

210930_BR_001 940 (13.168) 1: TOF MS ES+ 
3.78e4611.160

158.030 214.092

449.109
287.057

!
371.199

565.281

612.164

648.377

!
692.403

741.387 1343.286
!

858.106
!

991.617
944.243

1051.820 1223.430

!
1192.030

!
1405.732

!
1442.988
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BB 1 mg/ml

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

210930_BR_003 949 (13.293) 1: TOF MS ES+ 
2.14e5435.093

303.052

158.029 214.091
301.035 304.055 376.061

436.096

437.098 639.115
519.048

!
883.156708.394

!
811.947

!
1402.538

!
1053.672901.164

1086.893
!

1208.895
1262.242

!
1463.747

210930_BR_003 921 (12.906) 1: TOF MS ES+ 
3.57e5449.109

287.057
!

158.028 214.092
435.093288.060

450.112

451.114
533.055

!
1055.124

!
639.989587.130

!
807.923

!
677.280

!
1000.472

!
897.203

!
1138.577

!
1333.5111222.034

!
1444.590

210930_BR_003 868 (12.164) 1: TOF MS ES+ 
2.25e5465.104

303.052

158.030 214.092 301.035 304.055 449.108

466.106

467.109
518.013

!
611.273

!
690.944

!
900.888

737.329 855.486
!

1157.204961.172 1097.453
!

1410.544

!
1198.036

!
1263.282

!
1454.846

210930_BR_003 794 (11.123) 1: TOF MS ES+ 
2.92e5465.104

303.052

158.029 214.091 301.035 304.055391.066

466.107

467.108
518.015

590.518
!

1018.772943.170762.048683.061 923.780824.958
!

1155.4531048.063
!

1438.5571241.926 1415.886
1334.390

!
1478.775

BB 1 mg/ml

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

210930_BR_003 1142 (15.997) 1: TOF MS ES+ 
1.53e5479.119

317.067

158.029 214.092 302.043 318.069
!

453.783

480.122

481.125
532.030 621.908

!
813.020646.305

!
729.691

!
851.312

!
1079.329

!
990.420

959.855
1498.709

!
1349.892

!
1215.989

!
1125.935

!
1253.225 1407.314

210930_BR_003 1084 (15.187) 1: TOF MS ES+ 
1.94e5419.098

287.056

158.029 214.092
288.060 411.985

420.101

421.102 479.117
522.045 667.724 1201.167759.658 856.253 968.958

!
1023.026 1154.871 1252.854

!
1469.854

!
1413.318

210930_BR_003 1062 (14.873) 1: TOF MS ES+ 
8.35e4479.119

317.067

287.057214.092158.029

419.098
318.069

480.122

481.125
560.333

!
644.860

!
891.763741.172758.776

!
1246.939947.944

!
1150.866

!
1031.014

!
1345.236

!
1397.852

1490.165

210930_BR_003 1019 (14.279) 1: TOF MS ES+ 
2.82e5449.109

287.057

158.029 214.092
288.060 432.280

450.112

451.114
502.018

!
631.822 968.836766.397

!
723.196

784.756

!
867.656

!
1082.902

!
1277.818

1126.465
!

1362.819 1489.491
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Appendix figure 3. 2. Signals corresponding to the m/z[M+H]+  of anthocyanins in bilberry extract. 

A fresh stock solution of black rice extract powder (1 mg/mL) was prepared in acidified water (2% formic 

acid). A 10 µL of prepared stock solution was injected through HPLC-ESI-TOF. Both low and high energy 

ionisation were scanned alongside with DAD detector at 500 nm. A gradient elution was performed using 

1% v/v formic acid in water as solvent A, and 1% v/v formic acid in acetonitrile as solvent B 

BB 1 mg/ml

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

210930_BR_003 1291 (18.085) 1: TOF MS ES+ 
6.34e4493.134

331.083

158.029 319.047
214.092 463.124332.086

494.138

495.139 565.283
691.101

!
742.778

!
804.943

885.327
!

1057.848
1014.922

!
1128.424

!
1272.974

!
1233.524

1370.019
!

1493.192

210930_BR_003 1271 (17.799) 1: TOF MS ES+ 
1.40e5463.124

301.072

214.091158.028
331.083

421.245

493.134

494.138
560.332

604.348
!

775.507
!

695.116 1046.228
810.480

!
891.373

!
1005.867

1142.566
!

1317.639

!
1276.837

!
1355.461

!
1465.513

210930_BR_003 1214 (17.002) 1: TOF MS ES+ 
5.93e4449.108

317.067

158.029 214.091 315.054
318.071

409.186

450.112

451.115 653.142560.321
682.299 752.549 824.989

941.841 1050.142 1368.820
!

1204.588
1160.968 1242.894

!
1481.625

210930_BR_003 1190 (16.670) 1: TOF MS ES+ 
3.56e4463.123

449.108
158.029 214.092 301.071

435.092

464.127

465.130
604.346

521.258
1092.451763.565

734.432
859.840 1011.178

!
898.597

!
1479.341

!
1245.7231119.697 1334.568

BB 1 mg/ml

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

210930_BR_003 1418 (19.858) 1: TOF MS ES+ 
2.38e4287.057

158.029
214.092 463.122288.060

!;331.082 453.784
560.331476.305

604.354

653.329
!

848.183
736.450

!
1411.153867.553 978.249

!
1346.385

!
1196.766999.169

!
1064.774

!
1289.367

1480.125

210930_BR_003 1398 (19.582) 1: TOF MS ES+ 
5.71e4463.124

331.082

158.029
214.092 262.861

332.085 449.108

464.127

465.131
604.357 648.378

774.250
!

842.152
!

1282.933
!

1030.355
!

916.996
!

1126.441

!
1179.686

1345.010
!

1468.855
!

1405.384

210930_BR_003 1346 (18.854) 1: TOF MS ES+ 
2.17e5493.134

331.083

315.051
158.030 214.090

332.086
476.304

494.138

495.140
546.040

609.309
736.723

!
781.487

960.820
927.213

!
1196.7501037.467

1142.091
!

1392.797
1235.639

!
1480.699
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Appendix 4 

The following figures with reference to the data presented in Chapter 4 and 6 
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Appendix figure 4. 1. Standard curves in different matrices showing the effect of faecal materials on 

the detection of Cya3Glc 
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Appendix figure 4. 2. Standard curves in different matrices showing the effect of faecal materials on 

the detection of PCA. 
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Appendix figure 4. 3. Standard curves in different matrices showing the effect of faecal materials on 

the detection of PGA. 
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Appendix figure 4. 4. Standard curves in different matrices showing the effect of faecal materials on 

the detection of 3,4-DHPAA. 
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Appendix figure 4. 5. Standard curves in different matrices showing the effect of faecal materials on 

the detection of catechol. 

 

Appendix table 4. 1. The effect of in-vitro colon model fermentation on the signal responses of 

different phenolic metabolites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No. Metabolite RT 
Slope 0-24 h 

changes 
0 h 24 h 

1 Pyrogallol 2.9 17.95 17.72 -0.23 

2 Phloroglucinol 2.64 0.69 0.81 0.12 

3 Ferulic acid 6.38 5.9 5.52 -0.38 

4 Sinapic acid 6.36 2.26 2.3 0.04 

5 Vanillic acid 5.53 2.41 3.27 0.86 

6 4-Hydroxybenzoic acid 5.1 23.46 39.78 16.32 

7 
Phloroglucinol aldehyde 

(PGA) 
6.28 31.61 40.05 8.44 

8 Syringic acid 5.65 0.18 0.11 -0.07 

9 Caffeic acid 5.63 70.39 109.47 39.08 

10 Gallic acid 1.68 57.9 44.9 -13 

11 3-O-methyl-gallic acid 5.53 295.82 345.97 50.15 

12 Protocatechuic acid (PCA) 3.56 71.385 43.31 -28.075 

13 
2,4,6- tri hydroxy benzoic 

acid (PGCA) 
3.87 43.65 104.8 61.15 

14 Dihydrocaffeic acid 5.48 11.01 13.61 2.6 

15 Dihydroferulic acid 6.24 6.34 8.87 2.53 

16 2,4 dihydroxy benzoic acid 2.85 0.25 0.39 0.14 

22 
3,4 dihydroxy phenyl acetic 

acid (DHPAA) 
5.47 3.01 2.16 -0.85 

24 Catechol 5.25 17.02 21.87 4.85 
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DAD chromatograms 
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Appendix 5 

The following figures with reference to the data presented in Chapter 5. 

 

 

Appendix figure 5. 1. DAD chromatogram λ (280 nm) of the aerobic incubation of Cya3Glc after 7 

days incubation in a 10 mM phosphate buffer (pH 7.4) at 37°C showing the decomposition of 

Cya3Glc with the formation of new breakdown products. 
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Ms/Ms chromatograms of the ion 

currents for various metabolites 
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Appendix 6 

The following figure with reference to the method applied in chapter 6, showing Ms/Ms 

chromatograms of the ion currents for various metabolites which show the mass pair, the 

quantifier peak, the quantifier and qualifier ratios of the selective daughter fragment ions, 

and the mass spectrum of each authentic compound. 

Method: Machine Triple quad (6490) Column T3. Gradient was 1% B at injection for 1 

minute, increased to 5% at 3 min, 60% at 8 min, 99% at 8.5 min and then re-equilibrated 

to initial conditions over 3.5 min; where the solvent A= ammonium acetate 10 mM in 

water; B = ammonium acetate 10 mM in ACN. 
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1- Pyrogallol 

 
2- Phloroglucinol 
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3- Cinnamic acid 

 
4- Ferulic acid  
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5- Sinapic acid 

 
6- 4-hydroxybenzaldehyde 
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7- Vanillic acid 

 
8- 5-hydroxyferulic acid 
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9- 4-hydroxybenzoic acid 

 
10- Phloroglucinol aldehyde (PGA) 
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11- Syringic acid 

 
12- Caffeic acid 
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13- Gallic acid 

 

14- 3-O-methylgallic acid 
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15- Protocatechuic acid (PCA) 

 

16- Phloroglucinol carboxylic acid (PGCA) 

 

17- Dihydrocaffeic acid 
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18- Dihydroferulic acid 
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19- 3-hydroxybenzoic acid 

 
20- 2,4-dihydroxybenzoic acid 
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21- 3,4-dihydroxyphenylacetic acid (DHPAA) 

 

22- Homovanillic acid 
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23- Catechol 

 

24- 3,5-dihydroxybenzoic acid 
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25- 3-hydroxyphenylacetic acid 

 

26- 3-(4-hydroxyphenyl)propionic acid 
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27- PCAld 

 

28- 2,4-dihydroxybenzaldehyde 
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29- 3,4-dihydroxymandelic acid 

 
30- Ellagic acid 
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31- Hippuric acid 

 
32- p-Coumaric acid 
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33- Isovanillic acid 

 
34- 4-methylcatechol 
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35- 4-hydroxybenzyl alcohol 
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Sequencing data 
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Appendix figure 7. 1. The growth curves of E. Coli and L. lactis in low and high-capacity phosphate buffer media. 
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These figures and tables are with reference to the methods applied in Chapter 7. 

 

Appendix figure 7. 2. Bar plot chart showing the quantified DNA in all samples. 

Quantification of DNA in control (n=7), black rice treatment (n=7), and contamination control (n=2) samples over 24 h of incubation. 
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Appendix table 7. 1. The following table show the summary of the quality control, trimming and decontamination for the raw sequencing data. 

 
 
Processing the sequencing data: removal of host sequences and quality control using KneadData 

 

Sample Group
Time Point 

(h)
Raw Reads

Trimmed 

Reads

% Trimmed 

Reads

Passed QC and 

Trimming

% Passed QC 

and Trimming

non rRNA 

Reads

% non rRNA 

Reads
Non hg37 % Non hg37

Reads for Downstream 

Analysis

% Reads for 

downstream 

analysis

BR_1_0h BR_1 0 27,717,491 1,987,225 7.2 25,730,266 92.8 15,992,443 62.2 16,639,510 64.7 15,874,288 57.3

BR_1_6h BR_1 6 34,292,677 3,107,086 9.1 31,185,591 90.9 22,561,987 72.3 23,218,758 74.5 22,410,584 65.4

BR_1_12h BR_1 12 54,358,758 5,036,619 9.3 49,322,139 90.7 34,231,238 69.4 35,773,832 72.5 33,985,284 62.5

BR_1_24h BR_1 24 64,159,997 6,601,629 10.3 57,558,368 89.7 42,343,888 73.6 44,114,677 76.6 42,096,015 65.6

BR_2_0h BR_2 0 29,054,062 2,346,066 8.1 26,707,996 91.9 17,294,365 64.8 17,945,424 67.2 17,166,437 59.1

BR_2_6h BR_2 6 42,467,902 3,531,153 8.3 38,936,749 91.7 29,260,046 75.1 30,122,806 77.4 29,055,880 68.4

BR_2_12h BR_2 12 44,068,898 3,993,098 9.1 40,075,800 90.9 31,989,716 79.8 32,690,734 81.6 31,760,806 72.1

BR_2_24h BR_2 24 52,789,736 4,725,650 9 48,064,086 91 38,208,403 79.5 39,103,763 81.4 38,011,532 72.0

BR_3_0h BR_3 0 34,813,521 2,892,014 8.3 31,921,507 91.7 21,767,730 68.2 22,473,459 70.4 21,608,917 62.1

BR_3_6h BR_3 6 32,308,468 2,504,953 7.8 29,803,515 92.2 22,009,554 73.8 22,617,996 75.9 21,859,014 67.7

BR_3_12h BR_3 12 38,962,626 3,174,861 8.1 35,787,765 91.9 26,443,767 73.9 27,130,552 75.8 26,266,095 67.4

BR_3_24h BR_3 24 45,721,948 4,427,593 9.7 41,294,355 90.3 33,666,135 81.5 34,355,627 83.2 33,485,204 73.2

BR_4_0h BR_4 0 39,500,592 2,651,140 6.7 36,849,452 93.3 22,757,120 61.8 23,678,893 64.3 22,590,768 57.2

BR_4_6h BR_4 6 37,035,994 3,145,406 8.5 33,890,588 91.5 24,378,936 71.9 25,063,316 74 24,217,483 65.4

BR_4_12h BR_4 12 43,349,152 4,039,537 9.3 39,309,615 90.7 32,232,389 82 32,839,154 83.5 32,025,231 73.9

BR_4_24h BR_4 24 53,016,209 4,333,056 8.2 48,683,153 91.8 35,881,006 73.7 36,937,623 75.9 35,704,976 67.3

BR_5_0h BR_5 0 43,046,615 3,267,704 7.6 39,778,911 92.4 31,146,960 78.3 31,842,583 80 30,922,113 71.8

BR_5_6h BR_5 6 45,971,679 4,002,558 8.7 41,969,121 91.3 34,051,481 81.1 34,698,305 82.7 33,806,022 73.5
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Appendix figure 7. 3. Bar plot summarising read quality of rRNA or host sequences. 

In red is the number of reads trimmed due to low quality, the number of adaptor sequences or short reads, in green is the number discarded reads, either rRNA or host 

sequences, and in blue is the number of reads used for downstream analysis. Most of the sequencing samples for the control and treatment groups are of high sequencing 

quality. The only exception is sample BR-6-12h, which has very small proportion of reads surviving QC.   



 

Appendix 7 

352 

 

Appendix table 7. 2. The table below shows the summary statistics for this sample compared to other black rice (BR) samples. 

 
 
 

Sample Group
Time Point 

(h)
Raw Reads

Trimmed 

Reads

% Trimmed 

Reads

Passed QC 

and 

Trimming

% Passed 

QC and 

Trimming

non rRNA 

Reads

% non rRNA 

Reads
Non hg37 % Non hg37

Reads for 

Downstrea

m Analysis

% Reads for 

downstrea

m analysis

BR_6_0h BR_6 0 38,530,163 2,908,998 7.5 35,621,165 92.5 27,348,447 76.8 27,988,920 78.6 27,150,669 70.5

BR_6_6h BR_6 6 21,002,270 5,504,598 26.2 15,497,672 73.8 15,160,626 97.8 15,184,746 98 15,001,728 71.4

BR_6_12h BR_6 12 19,075,486 11,800,648 61.9 7,274,838 38.1 7,151,356 98.3 7,109,118 97.7 7,034,823 36.9

BR_6_24h BR_6 24 49,629,139 4,964,162 10.0 44,664,977 90.0 37,745,915 84.5 38,381,191 85.9 37,503,889 75.6

BR_7_0h BR_7 0 27,431,503 2,420,584 8.8 25,010,919 91.2 20,267,312 81 20,692,038 82.7 20,115,803 73.3

BR_7_6h BR_7 6 47,293,232 3,993,387 8.4 43,299,845 91.6 35,247,958 81.4 36,056,678 83.3 35,009,951 74.0

BR_7_12h BR_7 12 52,221,844 4,486,620 8.6 47,735,224 91.4 35,592,458 74.6 36,647,788 76.8 35,350,073 67.7

BR_7_24h BR_7 24 40,310,898 3,522,044 8.7 36,788,854 91.3 29,007,156 78.8 29,686,986 80.7 28,848,362 71.6
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Appendix figure 7. 4. The per base sequencing quality for this sample compared to a high-quality sample (BR-5-12h). 

Figure a) shows the sequencing quality for sample BR-5-12h, which is an example of a sample with high per base sequencing quality; figure b) shows the per base 

sequence quality plot for BR-6-12h, for which only 38.1% of the paired-end raw reads survive quality control and trimming.  
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Appendix table 7. 3. Summary of quality control, adapter trimming and decontamination of sequencing data for all controls samples 

 
Most of the control samples (negative and positive controls) returned almost no sequencing reads, which is expected. However, there are 2 media samples with high 

number of reads, Media-1-12h and Media-1-24h, see table below. However, taxonomic classification of these control samples found that all reads map to only Clostridium 

butyricum, which is most likely contamination.
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