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Abstract

The TNO intestinal model (TIM-1) of the human upper gastrointestinal tract was used to compare

intestinal absorption/bioaccessibility of blueberry anthocyanins under different digestive

conditions. Blueberry polyphenol-rich extract was delivered to TIM-1 in the absence or presence

of a high-fat meal. HPLC analysis of seventeen anthocyanins showed that delphinidin-3-glucoside,

delphinidin-3-galactoside, delphinidin-3-arabinoside and petunidin-3-arabinoside were twice as

bioaccessible in fed state, whilst delphinidin-3-(6″-acetoyl)-glucoside and malvidin-3-arabinoside

were twice as bioaccessible under fasted conditions, suggesting lipid-rich matrices selectively

effect anthocyanin bioaccessibility. TIM-1 was fed blueberry juice (BBJ) or blueberry polyphenol-

enriched defatted soybean flour (BB-DSF) containing equivalent amounts of free or DSF-sorbed

anthocyanins, respectively. Anthocyanin bioaccessibility from BB-DSF (36.0 ± 10.4) was

numerically, but not significantly, greater than that from BBJ (26.3 ± 10.3). Ileal efflux samples

collected after digestion of BB-DSF contained 2.8-fold more anthocyanins than same from BBJ,

suggesting that protein-rich DSF protects anthocyanins during transit through upper digestive tract

for subsequent colonic delivery/metabolism.
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1. Introduction

Despite their instability and low plasma bioavailability, the antioxidant anthocyanin

pigments contained in fruits and vegetables have demonstrated biological efficacy for a

variety of clinical targets related to cardiovascular disease (CVD), metabolic syndrome,

cancer and age-related neurodegeneration (Spencer, 2010; Tsuda, 2008; Wallace, 2011;

Wang & Stoner, 2008). Blueberries are a particularly rich source of anthocyanins (Wu et al.,

2006) and contain a complex mixture of up to 27 different anthocyanins (Wu & Prior, 2005).

Blueberry consumption has been associated with improved insulin sensitivity (Stull, Cash,

Johnson, Champagne, & Cefalu, 2010) and decreased CVD factors (Basu et al., 2010) in

men and women with metabolic syndrome, as well as lowered risk of type-2 diabetes

(Wedick et al., 2012). When C57BL/6J mice were fed whole blueberry powder or purified

blueberry anthocyanins, only the latter, which lacked sugars and lipid components, was

effective in decreasing body weight gain, correcting dyslipidemia or lowering blood glucose

(Grace et al., 2009; Prior et al., 2008, 2010). These data suggest that sugars or lipid

components in whole blueberries may counteract the anti-diabetic effects of blueberry

anthocyanins and other polyphenols. Protein-rich flours, such as defatted soy flour (DSF),

can preferentially sorb mid-polarity range anthocyanins and other polyphenols from fruit

juices, whilst polar sugars remain in the juice supernatant, yielding a stable and biologically

active polyphenol-enriched DSF food ingredient (Roopchand, Grace et al., 2012;

Roopchand, Kuhn et al., 2012). Compared to DSF alone, blueberry polyphenol-enriched

DSF was shown to significantly reduce hyperglycemia, body weight gain and serum

cholesterol in C57BL/6J mice (Roopchand, Kuhn, Rojo, Lila, & Raskin, 2013; Roopchand,

Grace et al., 2012).

The high antioxidant capacity and ability to modulate molecular signalling pathways within

tissue/cellular targets contribute to the therapeutic effects of anthocyanins; however, no

definite mechanism(s) of action have been assigned for anthocyanin compounds (Fraga,

Galleano, Verstraeten, & Oteiza, 2010; Williams, Spencer, & Rice-Evans, 2004).

Mechanistic studies on anthocyanins have been complicated by their instability, uncertain

metabolism and low bioavailability (D’Archivio, Filesi, Vari, Scazzocchio & Masella, 2010;

Lila, 2004). Several definitions of bio-availability exist, but the most appropriate seems to

be the fraction of ingested nutrient/compound that reaches the systemic circulation and the

specific target tissue(s) where it can exert its biological action (Porrini & Riso, 2008). This

definition implies release from the carrier matrix, intestinal absorption and tissue uptake.

Anthocyanin bioavailability studies in animals and humans indicate that low levels are

absorbed in the circulation and excreted in urine, whilst the highest levels are found in the

gastrointestinal (GI) tract (McGhie & Walton, 2007). For example, three hours after

radiolabeled cyanidin-3-glucoside was orally administered to mice, 87.9% of the

radioactivity was recovered in the GI tract with 50.7% from the small intestine, whilst only

3.3% and 0.044% was recovered in urine and plasma, respectively (Felgines et al., 2010).

Nevertheless, several reports indicate that unmetabolized anthocyanins can be detected in

circulation (McGhie & Walton, 2007; Nurmi et al., 2009) and have bioactivity in vitro (Rojo

et al., 2012; Roopchand et al., 2013) and in vivo (Grace et al., 2009). Low levels of

anthocyanins (<4% of input) can be absorbed across human intestinal Caco-2 cell
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membranes, and malvidin-3-glucoside and anthocyanins with acetyl groups showed the

highest transport efficiency (Yi, Akoh, Fischer, & Krewer, 2006b). Anthocyanins were

shown to be incorporated into the membrane and cytosol of vascular endothelial cells,

protecting them against oxidative stress (Youdim, Martin, & Joseph, 2000). Anthocyanins

can be in the stable flavylium cation form in the acidic pH environment of the stomach, but

are rapidly changed to the unstable hemiketal, chalcone and quinoidal forms in the more

neutral pH environment of the small intestine and colon (McGhie & Walton, 2007). In vivo,

anthocyanins may also undergo glucuronidation and methylation (Felgines et al., 2005; Wu,

Cao, & Prior, 2002). Exposure to microbiota in the oral cavity and GI tract results in

anthocyanin metabolism to unstable anthocyanidin forms and degradation to phenolic acids

(Kamonpatana et al., 2012; Nurmi et al., 2009); however, breakdown products remain

largely unknown. It remains unclear which form(s) of anthocyanins or which of the many

metabolites are ultimately responsible for biological activities observed in vivo.

Little is known about the effects of the food matrix on the intestinal absorption/

bioavailability of anthocyanins and the paradox of low anthocyanin bioavailability has made

such analyses extremely challenging to perform in vivo. Anthocyanin bioavailability may be

improved, hindered or unaltered when co-delivered with other foods rich in fat, protein,

carbohydrate or fibre (Yang, Koo, Song, & Chun, 2011). To study intestinal absorption of

blueberry anthocyanins in the presence or absence of a high fat meal, or when sorbed to

protein-rich DSF, the TNO gastrointestinal Model (TIM-1) of the upper human GI tract

(Minekus, Marteau, Havenaar, & Huis in’t Veld, 1995) was utilised and coupled with HPLC

analysis of individual anthocyanins, or colourimetric quantification of total monomeric

anthocyanins. TIM-1 is a dynamic,multi-compartment, computer-controlled system that

simulates the in vivo conditions and kinetic events of the stomach and duodenum, jejunum

and ileum compartments of the small intestine. TIM-1 provides information about nutrient/

compound transit, release, stability and availability for intestinal absorption or

bioaccessibility. In TIM-1, bioaccessibility is defined as the amount of compound released

from a food matrix that can bypass simulated jejunal and ileal membranes reflecting

availability for intestinal absorption in vivo. Depending on the biological mechanisms (e.g.

specific transporters) present in vivo, bioaccessible compounds are not necessarily

bioavailable; however, compounds that are not bioaccessible are generally not bioavailable.

TIM-1 has been used to investigate bioaccessibility of phytochemicals (Blanquet-Diot,

Soufi, Rambeau, Rock, &Alric, 2009; Lila et al., 2011; Mateo Anson, Van den Berg,

Havenaar, Bast, & Haenen, 2009; Minekus et al., 2005), dietary nutrients (Haraldsson et al.,

2005; Verwei, Freidig, Havenaar, & Groten, 2006; Verwei et al., 2003) and drug

formulations (Blanquet et al., 2004; Tenjarla, Romasanta, Zeijdner, Villa, & Moro, 2007)

under fed or fasted states.

2. Materials and methods

2.1. Chemicals

Pepsin A from porcine stomach mucosa (2500-3500 units/mg, P-7012), trypsin from bovine

pancreas (7500 N-α-benzoyl-L-arginine ethyl ester (BAEE) units/mg, T9201), and α-

Amylase Type II-A: from Bacillus species (1333 units/mg A-6380) were obtained from
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Sigma-Aldrich (Stockholm, Sweden). Fresh pig bile was obtained from TNO Zeist,

Netherlands. Rhizopus lipase (150,000 units/mg F-AP-15) was from Amano Enzyme Inc.

(Nagoya, Japan).

2.2. High fat meal

A standardised high fat meal was prepared as described in Guidance for Industry, December

2002, to meet U.S. Food and Drug Administration (FDA) and Center for Drug Evaluation

and Research (CDER) requirements for experiments performed with drugs ingested with a

high fat meal. The high fat meal included cooked eggs and bacon, whole cow’s milk, butter,

white bread and margarine, which were weighed to required proportions, mashed, mixed,

and divided into portions of 100 g that were stored frozen at −20 °C. This meal delivers

800–1000 kcal with approximately 50% of calories from fat, 20% from protein and 30%

from carbohydrates. This is for adult human; in TIM (5× downscales) the meal (100 g) has

165 kcal.

2.3. Blueberry polyphenol-rich extract

Quick-frozen, whole lowbush blueberries (Vaccinium angustifolium Aiton) were obtained

from the Wild Blueberry Association of North America (Old Town, ME, USA). The

blueberries were a composite of fruits from all major growing sites including Prince Edward

Island, New Brunswick, Québec, Nova Scotia and Maine. The composite was made in the

fall of 2008, frozen by Cherryfield Foods, Inc. at −15 °C (Cherryfield, ME, USA), and

subsequently stored at −80 °C until use. Whole frozen blueberries were blended (Waring,

Inc., Torrington, CT, USA) with methanol acidified with 0.3% TFA (fruit to solvent ratio

1:2), and filtered first through multiple layers of muslin sheets, and then on Whatman filter

paper # 4 (Florham Park, NJ, USA) with vacuum. Organic solvent in the collected hydro-

alcohol extract was evaporated by rotary evaporation set at 40 °C. The concentrated aqueous

extract was loaded onto an Amberlite XAD-7 column preconditioned with acidified water

(0.3% TFA). The resin was washed thoroughly with acidified water (0.3% TFA, 3 l) to

remove free sugars, pectins and organic acids. The polyphenolic mixture was then eluted

with methanol, the methanol was evaporated and the aqueous eluate was freeze-dried to

produce a blueberry polyphenol-rich extract.

2.4. Blueberry polyphenol-enriched DSF

Blueberry (Vaccinium corymbosum) juice concentrate (65 Brix; Fruit Smart, WA) produced

from cultivated highbush blueberries was diluted 4× in water. Defatted soy flour (DSF;

Hodgson Mill Inc., IL, USA) was added to the diluted juice at 30 g/l and mixed for 15 min.

The blueberry juice–flour mixture (pH 3.7) was centrifuged for 10 min at 4000 rpm

(Eppendorf, model 5810R) and the blueberry polyphenol-enriched DSF (BB-DSF) was

collected after decanting the blueberry juice supernatants, freeze-dried and powdered. The

concentration of total monomeric anthocyanins in the DSF matrix was quantified using the

pH differential method (Lee, Durst, & Wrolstad, 2005) as previously described (Roopchand,

Grace et al., 2012). Briefly, blueberry juice supernatants were passed through a 2 μm filter

prior to quantification of blueberry anthocyanins. Total monomeric anthocyanins, calculated

as cyanidin 3-O-glucoside equivalents, were measured in the blueberry juice supernatant and
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in the diluted concentrate using the pH differential method using a UV/Vis

spectrophotometer (Synergy HT Multi-Detection Microplate Reader, BioTek). The amount

of anthocyanins sorbed per gram of DSF was calculated by subtracting their concentration in

the DSF-treated juice supernatants, from that measured in the untreated juice samples and

dividing by the concentration of DSF used for sorption.

2.5. TIM-1

The dynamic, computer-controlled TIM-1 system has been described at length (Minekus et

al., 1995). Briefly, TIM-1 consists of stomach, duodenum, jejunum and ileum

compartments, each composed of a glass capsule encasing a flexible inner silicone jacket.

Water heated to 37 ± 1 °C is pumped through the space between the glass and silicone to

maintain body temperature, and mechanically compress and release the silicone jackets to

imitate peristalsis and mixing of chyme. Secretions of amylase (saliva), gastric juice, bile

and pancreatin/pancreatic juice (Larsson, Minekus, & Havenaar, 1997), are introduced via

pumps connected to GI compartments. pH is regulated by secretion of hydrochloric acid in

the stomach and sodium bicarbonate in intestinal compartments. Simulated gastric (pepsin

and lipase), biliary (fresh pig bile) and pancreatic secretions are introduced into

compartments by computer-controlled pumps. Gastric emptying and intestinal transit time

are controlled by three peristaltic valves that move specific volumes of chyme with each

open-close cycle, which is altered to simulate either the fasted state, corresponding to intake

of compounds with water, or the fed state, for intake of compounds with a meal/food matrix.

Connected to jejunal and ileal compartments are hollow fibre filtration devices, composed of

semi-permeable membranes (0.05 μm pore size, Spectrum Milikros modules

M80S-300-01P) that simulate absorption of released/digested water or fat soluble

compounds less than 50 nm in size. During TIM-1 digestion, samples are collected hourly

from fluids absorbed through jejunal and ileal filtration devices, as well as the ileal efflux,

fluids that pass through the ileocaecal valve of the model and contain compounds that would

theoretically be delivered to the colon.

2.6. TIM-1 experiments with blueberry polyphenol-rich extract in the absence or presence
of a lipid-rich food matrix

Two independent experiments were performed for each condition. For the fasted state, 0.5 g

of blueberry polyphenol-rich extract was mixed with artificial saliva, which consisted of 100

ml electrolyte solution, 30 ml citrate buffer and 11.5 mg amylase. For the fed state, 0.5 g of

blueberry polyphenol-rich extract was mixed with 100 g of high fat meal matrix and

artificial saliva. Double-distiled water was added to each mixture up to a final volume of

300 ml. The final mixture was introduced in the gastric compartment of TIM-1 and digestion

was initiated. To mimic the physiological conditions of monogastric digestion for the fasted

state, 100 ml of fresh porcine bile and 3.5 g of centrifuged pancreatin were continually

secreted into the duodenum compartment, whilst 7.5 mg of lipase and 6 mg of pepsin were

delivered into the stomach compartment based on the TIM-1 computer-controlled settings.

Consistent with physiological events during food intake, greater concentrations of digestive

secretions were used for fed state conditions. Specifically, 500 ml of bile and 17.5 g of

pancreatin were secreted into the duodenum compartment whilst 37.5 mg lipase and 30 mg

pepsin were delivered into the stomach compartment. Each TIM-1 digestion experiment was
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terminated at 240 min (4 h) when approximately 80% of the stomach contents had passed

the ileocaecal valve of the model and become the ileal efflux. Bioaccessibility of blueberry

anthocyanins was evaluated by collecting taking 40 mL of jejunum and ileum filtrate and

ileal efflux samples collected in 1 h aliquots for 4 h after initiation of digestion. Residues,

which comprised fluids remaining in the stomach, duodenum, jejunum and ileum

compartments after the 4 h digestion period, were also collected and anthocyanin content

was analysed.

2.6.1. Quantification of individual anthocyanins in TIM-1 samples by HPLC—
Each 40 ml jejunum, ileum, ileal efflux or residue sample was freeze-dried at −51 °C. Dried

samples were extracted twice with 20 ml of acidified methanol (0.3% TFA), sonicated and

centrifuged at 4 °C, 4000 rpm for 20 min. The supernatant was evaporated to dryness,

weight was recorded and the dried extract was dissolved in 10 ml of methanol (0.3% TFA),

filtered (0.2 μm PTFE filter) and subjected to HPLC analysis for quantification of

anthocyanin content.

HPLC analyses were conducted using a 1200 HPLC (Agilent Technologies, Santa Clara,

CA, USA) with a photodiode array (PDA) detector, and an autosampler with Chemstation

software as a controller and for data processing. Anthocyanin separation was performed

using a reversed phase Supelcosil-LC-18 column, 250 mm × 4.6 mm (L × I.D.); 5 μm

particle size (Supelco, Bellefonte, PA, USA). The mobile phase consisted of 5% formic acid

in H2O (A) and 100% methanol (B). The flow rate was constant during HPLC analysis at 1

ml/min with a step gradient of 10%, 15%, 20%, 25%, 30%, 60%, 10%, and 10% of solvent

B at 0, 5, 15, 20, 25, 45, 47, and 60 min, respectively. Samples were injected (10 μl) onto the

HPLC column with a constant temperature of 20 °C. Cyanidin-3-O-glucoside was prepared

at 1.0, 0.5, and 0.25 mg/ml concentrations and 5 μl was injected as an external standard.

Quantification of seventeen different anthocyanins was performed from the peak areas

recorded at 520 nm, with reference to a calibration curve obtained with cyanidin-3-

glucoside. Anthocyanins were identified by LC–MS as well as using the following available

standards: cyanidin 3-glucoside, cyanidin 3-galactoside, delphinidin 3-glucoside, peonidin

3-glucoside, petunidin 3-glucoside and malvidin 3-glucoside (Polyphenols, Norway). All

individual anthocyanins are reported as cyanidin-3-glucoside equivalents. Data presented are

the mean and ranges (i.e. difference between largest and smallest values) for each set of

duplicate experiments.

For fasted and fed state experiments, each of the seventeen anthocyanins quantified in

jejunal and ileal samples at 1 through 4 h time points, were summed to obtain the total

bioaccessibility amount (mg) over the 4 h digestion period. This bioaccessible amount of

each anthocyanin was divided by the amount of corresponding anthocyanin in the original

500 mg of blueberry polyphenol-rich extract, to obtain the total bioaccessibility of each

anthocyanin as a percentage of input. Similarly, amounts of anthocyanins measured in ileal

efflux samples were expressed as a percentage of input to give the percentages of each

anthocyanin that could be delivered to the colon. Anthocyanin amounts were also measured

in the residues. The total recovery of anthocyanins or mass balance was calculated from

adding the amounts of each anthocyanin in jejunum and ileum samples (representing total
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bioaccessibility), ileal efflux samples, and the residues collected after each experiment and

then dividing by the total input of each anthocyanin in the extract.

2.7. TIM-1. experiments with blueberry juice and blueberry polyphenol-enriched DSF

Four independent experiments were performed with blueberry polyphenol-enriched DSF and

three independent experiments were performed with blueberry juice using fed state

conditions in each case. Blueberry polyphenol-enriched DSF (16 g) containing 156 mg of

total monomeric anthocyanins was mixed with artificial saliva or a volume of blueberry

juice concentrate diluted 3 times with water, and the same level of anthocyanins (156 mg)

was mixed with artificial saliva. Double-distiled water was added to each mixture up to a

final volume of 300 ml. The final mixture was introduced in the gastric compartment of

TIM-1 and the digestion process was initiated; 500 ml of bile, 17.5 g of pancreatin, 37.5 mg

of lipase and 30 mg of pepsin were added to the system. Experiments were terminated at 240

min. Bioaccessibility of blueberry anthocyanins was evaluated by collecting taking 40 mL of

jejunum and ileum filtrate and ileal efflux samples collected in 1 h aliquots for 4 h after

initiation of digestion. Anthocyanin content was also analysed in residues remaining in all

compartments after the 4 h digestion period.

2.7.1. Quantification of total monomeric anthocyanins in TIM-1 samples by pH
differential method—Each 40 mL jejunum and ileum filtrate or ileum efflux sample

collected over the 4 h period was directly subjected to total monomeric anthocyanin

quantification using the pH differential method (Lee et al., 2005). Briefly 200 μl of sample

was added to 800 μl of pH 1 buffer or pH 4.5 buffer, samples were then vortexed,

centrifuged and absorbance was read at 500 nm and 700 nm with an UV/Vis

spectrophotometer (Shimadzu UV-2450 or Synergy HT Multi-Detection Microplate Reader,

BioTek). The amounts of anthocyanins recovered at 1, 2, 3 and 4 h for the jejunum, ileum

and ileal efflux samples were calculated and amounts of anthocyanins in the residues were

determined. For each experiment the percentage of anthocyanins recovered in each

compartment and the residue over the 4 h digestion period was calculated based on the input

of 156 mg of anthocyanins. Data are presented as the mean and standard deviation for each

set of experiments.

2.8. Statistics

Statistics were performed with STATISTICA v.10 (StatSoft). Unpaired, two-tailed t-tests

were performed to compare data between independent groups.

3. Results

3.1. Bioaccessibility of blueberry anthocyanins in the absence or presence of a high fat
meal

Blueberries possess one of the largest collections of anthocyanins in terms of anthocyanidin

core structures, as well as conjugation to functional groups and sugars (Fig. 1). Blueberry

polyphenol-rich extract (500 mg) was delivered to TIM-1 for digestion in the absence

(fasted state) or presence (fed state) of a high fat meal matrix. Anthocyanins that bypassed

the semi-permeable capillary membranes connected to the jejunum and ileum compartments
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represented anthocyanins that were absorbed/bioaccessible. Anthocyanins in the ileal efflux

represented compounds that would theoretically be delivered to the colon for further

metabolism and bioconversion by gut microbiota. Jejunal and ileal absorption samples and

ileal efflux fluids were collected hourly for 4 h. The residues, which comprised the fluids

that remained in all TIM-1 compartments after the 4 h experiment, were also collected and

analysed for anthocyanins. In total, seventeen blueberry anthocyanins were putatively

identified and quantified by HPLC in all samples collected over the 4 h period.

Intestinal absorption or bioaccessibility of individual anthocyanin species varied

considerably. The average hourly bioaccessibility as a percentage of anthocyanin input for

delphinidin-3-glucoside, delpinidin-3-(6″-acetoyl)-glucoside, malvidin-3-glucoside and

malvidin-3-(6″-acetoyl)-glucoside, four common blueberry anthocyanins, is shown for

duplicate experiments performed in fasted (Fig. 2A) and fed state (Fig. 2B) conditions. After

1 h of digestion in fasted state conditions, these anthocyanins had 0.1–3.8% bioaccessibility

in jejunal or ileal samples. In the fasted state, the greatest absorption was observed at 2 h and

3 h where the bioaccessibility ranged from 0.8% to 12.1% in jejunal samples and 0.2–6.9%

in ileal samples. Anthocyanins showed almost no absorption after 4 h, except for small

amounts of malvidin-3-glucoside (0.8% in jejunum and 0.3% in ileal samples) and

malvidin-3-(6″-acetoyl)-glucoside (0.3% in ileal samples) (Fig 2A). Across all time points

for each of the four anthocyanins, the percentage of anthocyanins in the ileal efflux was 0–

3.3%. In the fed state, small amounts of each anthocyanin were detected only in jejunal

samples after 1 h (0.2–1.3%), due to the delayed gastric emptying in the fed protocol vs. the

fasted state protocol parameters. In the fed state, the majority of anthocyanins were also

absorbed at 2 h and 3 h, and bioaccessibility ranged from 2.8% to 5.9% for the jejunal

compartment and 0.6–1.5% for the ileal compartment (Fig. 2B). Compared to the fasted

state, more anthocyanins were absorbed at 4 h in the fed state and bioaccessibility ranged

from 1% to 2.6% in jejunal samples and 0.5–1.3% in ileal samples. This again seems to be a

result of the delayed gastric emptying in the fed protocol, suggesting that not all

anthocyanins had passed through the model after 4 h (Fig. 2B).

Summarised in Tables 1 and 2 for fasted and fed state experiments, respectively, are the

bioaccessible amounts of each anthocyanin (mg) over the 4 h digestion period, the total

bioaccessibility of each anthocyanin as a percentage of input, the percentages of each

anthocyanin that could be delivered to the colon and the anthocyanin recovery as a

percentage of input. The total bioaccessibility of individual anthocyanins after TIM-1

digestion in the fasted state ranged from 4.3% to 36.9% (Table 1) and from 9.3% to 28.9%

in the fed state (Table 2). For most anthocyanins the total bioavailability was comparable

between fed and fasted states with some exceptions. Delphinidin-3-glucoside, delphinidin-3-

galactoside, delphinidin-3-arabinoside and petunidin-3-arabinoside were twice as

bioaccessible in the fed state, whilst delphinidin-3-(6″-acetoyl)-glucoside and malvidin-3-

arabinoside were twice as bioaccessible in the fasted state (Tables 1 and 2). These data

indicate that a lipid-rich meal matrix can selectively affect the bioaccessibility of

anthocyanins.

Bioaccessibility of individual anthocyanins did not correlate to the absolute amount of

anthocyanin in the extract. For example, in the fasted state, malvidin-3-arabinoside was two
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times more bioaccessible (36.9%) than the most abundant anthocyanin in the extract,

malvidin-3-glucoside (15.8%), even though it was present at about one third the

concentration of the latter (8.6 mg vs. 23.6 mg in 0.5 g of extract). Similarly, cyanidin-3-(6″-

acetoyl)-glucoside was present at low levels in the extract (1.6 mg per 0.5 g extract), but had

relatively high levels of bioaccessibility; 22.4% in fasted state and 17.3% in fed state.

The levels of anthocyanins detected in the ileal efflux ranged from 1.3% to 9.5% in fasted

state (Table 1) and 1.6–4.5% in fed state (Table 2) and the cumulative average percentage of

anthocyanins in the ileal efflux was 3.3% and 2.3% for fasted and fed states, respectively.

This indicates that low amounts of intact anthocyanins are available for colonic metabolism

or bioconversion in either state. Total anthocyanin recovery ranged from 6.1% to 47.0% of

input in the fasted state and 12.4–36.3% of input in the fed state (Tables 1 and 2), and

cumulative average percentage of anthocyanins recovered were similar for fasted (15.5%)

and fed (18.8%) states.

When considered by group, the malvidin-containing anthocyanins had the highest relative

bioaccessibility on average (17.1% of intake), followed by cyanidin (15.9%), petunidin

(10.4%) and delphinidin-containing anthocyanins (6.5%). This same ordering of

anthocyanin groups was observed for the percentages of anthocyanins in the ileal efflux and

the anthocyanins recovered as percentage of input. The malvidins were the most

bioaccessible group with the greatest absolute anthocyanin amount (62 mg); however, the

recovery of the delphinidin anthocyanins (9.4%) was similar to the recovery of the petunidin

anthocyanins (14.6%) even though the delphinidins were present at greater than twice the

amount in the original extract. The cumulative average percentage of all bioaccessible

anthocyanins was similar for fasted (11.6%) and fed (15.2%) states.

The bioaccessibility data for anthocyanins was regrouped and analysed in terms of the type

of sugar conjugation (Table 3). Anthocyanins containing acetyl groups had the highest level

of bioaccessibility in both the fasted (20.1%) and fed states (15.3%). In comparison,

galactosides had the lowest levels bioaccessibility (10.3% in fasted and 7% in fed states),

whilst glucosides (11.9% in fasted and 13.8% in fed states) and arabinosides (16.2% in

fasted and 14.7% in fed states) showed intermediate levels (Table 3). Hydrolysis of the

sugars from anthocyanins results in unstable anthocyanidins that are degraded to

protocatechuic, syringic, vanillic and 4-hydroxybenzoic acids (Fleschhut, Kratzer,

Rechkemmer, & Kulling, 2006). These phenolic acids were detected in TIM-1 samples, but

amounts were small and not quantified.

3.2. Comparison of anthocyanin bioaccessibility from blueberry juice and blueberry
polyphenol-enriched DSF

The bioaccessibility of anthocyanins were compared after feeding TIM-1 blueberry juice (n

= 3 independent TIM-1 runs) or blueberry polyphenol-enriched DSF (n = 4 independent

TIM-1 runs), each delivering 156 mg of total monomeric anthocyanins. Analysis of the data

obtained for the jejunum and ileum compartments as well as the ileal efflux at the four time

points, showed that mean anthocyanin bioaccessibility as percentage of input was

comparable for blueberry juice and blueberry polyphenol-enriched DSF (Fig. 3A and B,

top), except at 3 h the percentage of anthocyanins in the ileum (t-test, p = 0.024) and ileal

Ribnicky et al. Page 9

Food Chem. Author manuscript; available in PMC 2014 June 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



efflux (t-test, p = 0.006) was significantly higher for blueberry polyphenol-enriched DSF

(Fig. 3B, top).

Anthocyanin bioaccessibility as a percentage of input was calculated across the four time

points for the jejunal and ileal compartments (Fig. 3A and B, bottom). Anthocyanin

bioaccessibility in jejunal samples was 22.7 ± 7.7% for blueberry polyphenol-enriched DSF

compared to 18.4 ± 4.1% for blueberry juice (t-test, p = 0.43). In ileal samples, anthocyanin

bioaccessibility was 13.3 ± 3.1% for blueberry polyphenol-enriched DSF and 7.9 ± 6.2% for

blueberry juice (t-test, p = 0.18). Total bioaccessibility of anthocyanins was 36.0 ± 10.4%

for digested blueberry polyphenol-enriched DSF and 26.3 ± 10.3% for blueberry juice (t-

test, p = 0.27).

A 2.8-fold greater percentage of anthocyanins (t-test, p = 0.025) were present in the ileal

efflux of blueberry polyphenol-enriched DSF (8.0 ± 2.4%) compared to blueberry juice (2.8

± 1.7%), indicating that when sorbed to a protein-rich matrix, greater amounts of

anthocyanins may be delivered to the colon for further biotrans-formation/metabolism. The

mean percentage of anthocyanins measured in residues was 15.6 ± 8.3% for blueberry

polyphenol-enriched DSF and 7.6 ± 0.8% for blueberry juice (t-test, p = 0.17). The total

percentage of anthocyanin recovered or mass balance was calculated to be 63.4 ± 20.4% for

blueberry polyphenol-enriched DSF and 36.7 ± 11.2% for blueberry juice (t-test, p = 0.12).

Whilst not significantly different at p < 0.05, the higher percentage of recovery obtained for

anthocyanins sorbed to DSF suggest that anthocyanins bound to a high protein matrix are

protected during transit through the upper GI tract allowing greater amounts to be available

for delivery to the colon.

4. Discussion

TIM-1 simulates many features of the human GI system and is useful to track stability and

intestinal absorption/bioaccessibility of ingested compounds; however, it does have

limitations. For example, the dialysis/filtering in TIM-1 model does not fully capture

complex molecular events that occur in the endothelial cells lining the human intestinal

tract, nor does the model contain the microorganisms present in the upper GI tract.

Nevertheless, TIM-1 enabled the assessment of the impact of different food matrices on

anthocyanin bioaccessibility between initial ingestion and prior to colonic delivery, studies

difficult to perform in vivo.

Compared to the fasting state conditions, the presence of a high fat meal selectively altered

the bioaccessibility of six out of seventeen blueberry anthocyanins quantified by HPLC, but

did not have any substantial impact on the amount of anthocyanins in the ileal efflux.

Bioaccessibility of malvidin-3-glucoside was ~16% in both fasted and fed states, whilst for

delphinidin-3-glucoside bioaccessibility was 4.3% and 9.7% in fasted and fed states,

respectively (Tables 1 and 2). The lower bioaccessibility of delphinidin-3-glucoside is

consistent with studies that demonstrated its lower bioactivity, urine and plasma

concentrations and transport efficiency across cell membranes. Orally administered

malvidin-3-glucoside, but not delphinidin-3-glucoside, was shown to be hypoglycemic in

mice with diet-induced diabetes (Grace et al., 2009). Delphinidin-3-glucoside had lower
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transport efficiency in Caco-2 human intestinal cells compared to malvidin-3-glucoside (Yi

et al., 2006). Investigation of urinary excretion of anthocyanin glycosides from four different

berries showed lower levels of delphinidins than malvidins (McGhie, Ainge, Barnett,

Cooney, & Jensen, 2003), and in a study of bilberry anthocyanin bioavailability in rats,

plasma clearance of malvidin anthocyanins was slower than delphinidins (Ichiyanagi, Shida,

Rahman, Hatano, & Konishi, 2006). It has been suggested that the higher number of free

hydroxyl groups on delphinidin-3-glucoside may contribute to its lower bioavailability.

Delphinidins have 5 free hydroxyl units contained on the primary ring structure making

them more prone to hydrolysis when compared to malvidins, which only contain 3 hydroxyl

units (Fig. 1). Malvidins also contain 2 methoxy units that are not present in delphinidins,

which may contribute to their enhanced stability and protection from hydrolysis.

In addition to anthocyanidin structure, sugar conjugation affects anthocyanin absorption and

excretion in vivo. Regardless of the presence of the high fat meal, anthocyanins with acyl-

sugars groups had the highest bioaccessibility, consistent with acylated anthocyanins being

stable at both acidic and neutral pH, followed by arabinosides, glucosides and galactosides

(Table 3). This correlates with previous studies showing that anthocyanins with glucose

groups to have higher transport efficiency in Caco-2 cells than those having galactose

groups (Yi et al., 2006). Anthocyanins conjugated with arabinose had similar or higher

levels of TIM-1 bioaccessibility compared to other sugar conjugates; however, in vivo

studies showed that recovery of arabinose conjugates in urine was lower than anthocyanins

conjugated with other sugars (McGhie et al., 2003). In rats orally administered bilberry

extract, the anthocyanins conjugated with galactose (galactosides) attained the highest

concentration in plasma whilst arabinosides had the lowest (Ichiyanagi et al., 2006). TIM-1

data for anthocyanins conjugated with arabinose did not correlate with their metabolic fate

in vivo, indicating arabinose conjugates have reduced bioavailability or greater chemical

reactivity in vivo.

Direct evidence of the absorption of anthocyanins from the stomach has been demonstrated

in rats (Passamonti, Vrhovsek, Vanzo, & Mattivi, 2003), which cannot be addressed using

the TIM-1 since the model is based on the human example where very few compounds, such

as uncharged lipid soluble drugs, have shown limited absorption in the stomach (Hogben,

Tocco, Brodie, & Schanker, 1959). Absorption of intact anthocyanins in humans is thought

more likely to occur in the small intestine than in the stomach, which has a thicker mucosa

than that of rats. However, in vitro studies demonstrated anthocyanin glycosides and

diglycosides to be competitive inhibitors and possible substrates of bilitranslocase

transporters present in epithelial cells of gastric mucosa of humans, providing a possible

mechanism of anthocyanin absorption from the stomach (Passamonti et al., 2009).

Polyphenols have a natural affinity for proteins (Bandyopadhyay, Ghosh, & Ghosh, 2012)

and protein-rich food matrices, such as defatted soy flour (DSF) can sorb, concentrate and

stabilize anthocyanins and other polyphenols from berry juices (Roopchand, Grace et al.,

2012; Roopchand, Kuhn et al., 2012; Roopchand et al., 2013). Oral administration of

blueberry or grape polyphenol-enriched DSF had a hypoglycemic effect in mice

(Roopchand, Grace et al., 2012; Roopchand, Kuhn et al., 2012; Roopchand et al., 2013)

indicating that the polyphenols complexed to proteins are bioactive; however, anthocyanin
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release from the protein-rich food matrix after entering the physiochemical environments of

the GI tract has not previously been investigated. TIM-1 digestion experiments with

blueberry juice or blueberry polyphenol-enriched DSF delivering equivalent amounts of

anthocyanins (156 mg) demonstrated that anthocyanins trended towards being more

bioaccessible when bound to the protein matrix (36% of input) compared to anthocyanins in

blueberry juice (26% of input; t-test, p = 0.27). The ileal efflux obtained from blueberry

polyphenol-enriched DSF digestion contained almost three times the level of anthocyanins

than the same samples from blueberry juice therefore a greater amount of anthocyanins

would theoretically be delivered to the colon for biotransformation. A higher percentage of

anthocyanins were recovered from the TIM-1 system when sorbed to DSF (63%) compared

to when unbound in blueberry juice (36%). These data suggest that sorption to DSF

protected anthocyanins during transit through the upper GI tract allowing greater amounts to

be available for delivery to the colon, although the difference was statistically significant

only at p = 0.12. Further in vivo experimentation will be needed to determine whether the

higher TIM-1 bioaccessibility of anthocyanins complexed to protein translates to higher in

vivo anthocyanin bio-availability. Quercetin plasma concentrations were five times higher

when quercetin was consumed as quercetin-enriched cereal bars compared to capsules

containing equivalent amounts of quercetin (130 mg), indicating that the food matrix can

enhance polyphenol bioavailability in human subjects (Egert et al., 2012). Understanding

anthocyanin bioaccessibility/absorption, metabolism and bioavailability as well as the

impact of different food matrix components on these factors will enable the development of

dietary recommendations and food products that provide optimal therapeutic bioactivity.
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Fig. 1.
Chemical structures of blueberry anthocyanins. Top: Structure of malvidin-3-(6″-acetoyl)-

glucoside showing A, B and C rings of anthocyanidin core and conjugation of glycoside

(glucose, galactose or arabinose) and acyl groups. Bottom: Substitution of hydroxyl and

methoxy groups on B-ring structures corresponding to delphinidin, cyanidin, petunidin and

peonidin anthocyanidin cores.
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Fig. 2.
Bioaccessibility of four major blueberry anthocyanins obtained in (A) fasted or (B) fed

TIM-1 conditions. TIM-1 was fed 500 mg of polyphenol-enriched extract in (A) the absence

of the high fat meal for fasted state or (B) with the high fat meal for fed state; the

corresponding TIM-1 program for gastric emptying was used. Anthocyanins were measured

by HPLC in samples collected from jejunum, ileum and ileal efflux at 1, 2, 3 and 4 h after

start of digestion. Data are presented as stacked bar graphs and are the average of two

independent experiments and error bars represent the range. Anthocyanin bioaccessibility as

a percentage of anthocyanin input was determined in jejunum (white bars) and ileum (light

grey bars) samples at each time point and represent the total bioaccessibility of each

anthocyanin. Anthocyanins in the ileal efflux (dark grey bars) as a percentage of input were

also measured and represent the percentage of compound that would theoretically be

delivered to the colon.

Ribnicky et al. Page 17

Food Chem. Author manuscript; available in PMC 2014 June 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
Comparison of anthocyanin bioaccessibility from blueberry juice (BBJ) or blueberry

polyphenol-enriched DSF (BB-DSF). TIM-1 was fed BBJ (n = 3 experiments) or BB-DSF

(n = 4 experiments) each delivering 156 mg of anthocyanins (ACNs). The pH differential

method was used to quantify total monomeric anthocyanins in samples collected from

jejunum, ileum and ileal efflux at 1, 2, 3 and 4 h after start of digestion. Anthocyanin

bioaccessibility (BA) as a percentage of anthocyanin input was determined in jejunum

(white bars) and ileum (light grey bars) samples at all time points and represented total BA.

Anthocyanins in the ileal efflux (dark grey bars) as a percentage of input were also measured

and represent the percentage of compound that could be delivered to the colon. A. and B.

(top): Mean BA of ACNs (% of input) for each compartment and standard deviation (SD)

are presented as stacked bar graphs for each time point. A. and B. (bottom): Mean BA of

ACNs (% of input) over the 4 hour time period for each compartment. t-Tests were

performed to compare BA of ACNs from BBJ and BB-DSF in corresponding compartments;

*p = 0.025.
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Table 1

Bioaccessibility of blueberry anthocyanins in fasted state conditions.

Aglycone Anthocyanin (ACN) ACN input
(mg)

BA amt of
ACN
(mg)

Total ACN
BA as % of

input

ACNs in
I.E. as %

of
input

ACN
recovery as

% of
input

Delphinidin
 (dp) dp-3-Galactoside 13.1 0.7 ± 0.3 5.0 ± 2.2 1.5 ± 0.6 7.0 ± 2.8

dp-3-Glucoside 16.8 0.7 ± 0.3 4.3 ± 1.7 1.3 ± 0.5 6.1 ± 2.2

dp-3-Arabinoside 8.9 0.4 ± 0.2 4.6 ± 1.7 1.5 ± 0.5 6.6 ± 2.2

dp-3-(6″-Acetoyl)-glucoside 3.4 1.0 ± 0.8 28.3 ± 24.7 7.6 ± 6.5 36.3 ± 31.2

Subtotals/averages 42.2 2.7 ± 1.6 6.5 ± 3.8 1.9 ± 1.0 9.4 ± 6.3

Cyanidin (cy) cy-3-Galactoside 6.7 1.1 ± 0.2 16.6 ± 2.9 3.9 ± 1.0 21.0 ± 3.9

cy-3-Glucoside 8.4 1.3 ± 0.1 15.8 ± 1.3 4.0 ± 1.0 20.5 ± 2.3

cy-3-Arabinoside 7.9 1.0 ± 0.3 12.1 ± 3.3 2.8 ± 0.9 15.4 ± 4.2

cy-3-(6″-Acetoyl)-glucoside 1.6 0.4 ± 0.1 22.4 ± 6.3 4.0 ± 1.2 27.0 ± 7.5

Subtotals/averages 24.6 3.9 ± 0.7 15.9 ± 2.8 3.6 ± 1.0 20.6 ± 4.4

Malvidin (mal) mal-3-Galactoside 21.5 2.5 ± 1.1 11.7 ± 5.2 2.5 ± 1.0 14.9 ± 6.2

mal-3-Glucoside 23.6 3.7 ± 0.3 15.8 ± 1.4 3.6 ± 0.1 20.1 ± 1.5

mal-3-Arabinoside 8.6 3.1 ± 1.7 36.9 ± 20.2 9.5 ± 6.1 47.0 ± 26.3

mal-3-(6″-Acetoyl)-
galactoside 2.2 0.5 ± 0.1 20.6 ± 3.3 4.8 ± 1.5 25.8 ± 4.8

mal-3-(6″-Acetoyl)-
glucoside 6.2 1.3 ± 0.1 20.4 ± 0.7 4.6 ± 0.8 25.5 ± 1.5

Subtotals/averages 62.1 10.6 ± 3.3 17.1 ± 5.31 4.2 ± 1.3 22.6 ± 7.5

Petunidin (pt) pt-3-Galactoside 13.2 1.5 ± 0.4 11.7 ± 2.9 3.3 ± 0.3 15.7 ± 3.2

pt-3-Arabinoside 4.4 0.5 ± 0.2 11.9 ± 3.5 2.5 ± 0.8 14.8 ± 4.3

pt-3-(600-Acetoyl)-glucoside 2.3 0.3 ± 0.1 11.5 ± 2.8 2.7 ± 1.1 14.4 ± 3.9

Subtotals/averages 19.9 2.1 ± 0.7 10.4 ± 3.5 3.0 ± 0.5 14.6 ± 3.4

Peonidin (pn) pn-3-Galactoside 3.0 0.5 ± 0.1 16.7 ± 3.3 3.3 ± 1.0 19.6 ± 3.4

Totals/cumulative averages 152.0 t 17.6 ± 0.5 t 11.6 ± 0.3 a 3.3 ± 0.8 a 15.5 ± 1.1 a

BA = bioaccessibility; I.E. = ileal efflux; ACN input = mg per 500 mg of blueberry polyphenol-rich extract; BA amt. of ACN = bioaccessible
amount of ACN;

t
= total ACN input or total bioaccessible amount of ACN;

a
= Cumulative averages in respective columns. Data are expressed as the mean ± range from two TIM-1 experiments.

Food Chem. Author manuscript; available in PMC 2014 June 26.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Ribnicky et al. Page 20

Table 2

Bioaccessibility of blueberry anthocyanins in fed state conditions.

Aglcyone Anthocyanin (ACN) ACN input
(mg)

ACN BA
(mg)

Total ACN BA as
% of input

ACNs in I.E. as
% of input

ACN recovery as
% of
input

Delphinidin
 (dp) dp-3-Galactoside 13.1 1.3 ± 0.5 9.7 ± 3.6 1.6 ± 1.1 12.5 ± 4.9

dp-3-Glucoside 16.8 1.6 ± 0.6 9.7 ± 3.5 1.6 ± 1.1 12.4 ± 4.9

dp-3-Arabinoside 8.9 0.8 ± 0.3 9.3 ± 3.4 1.6 ± 1.2 12.05 ± 4.8

dp-3-(6″-Acetoyl)-glucoside 3.4 0.4 ± 0.2 11.9 ± 5.3 2.2 ± 0.8 15.2 ± 8.6

Subtotals/averages 42.2 4.1 ± 1.5 9.7 ± 3.6 1.7 ± 1.1 12.5 ± 5.0

Cyanidin (cy) cy-3-Galactoside 6.7 0.9 ± 0.4 14.1 ± 5.3 2.3 ± 0.7 17.7 ± 6.1

cy-3-Glucoside 8.4 1.2 ± 0.5 14.6 ± 5.5 2.4 ± 0.7 18.4 ± 6.4

cy-3-Arabinoside 8.0 1.0 ± 0.4 12.8 ± 4.8 2.1 ± 0.8 16.1 ± 6.0

cy-3-(6″-Acetoyl)-glucoside 1.6 0.3 ± 0.2 17.3 ± 9.9 2.2 ± 1.1 20.2 ± 11.3

Subtotals/averages 24.8 3.4 ± 1.5 13.9 ± 6.0 2.3 ± 0.9 17.4 ± 7.1

Malvidin (mal) mal-3-Gal 21.5 3.7 ± 1.3 17.0 ± 5.8 2.6 ± 0.8 21.0 ± 8.0

mal-3-Glu 23.6 3.9 ± 0.1 16.4 ± 0.0 3.2 ± 0.1 21.4 ± 0.4

mal-3-ara 8.6 1.3 ± 0.5 15.0 ± 6.0 2.6 ± 0.4 18.9 ± 6.6

mal-3-(6″-Acetoyl)-
galactoside 2.2 0.4 ± 0.2 17.1 ± 8.3 2.4 ± 0.9 21.7 ± 9.9

mal-3-(6″-Acetoyl)-glucoside 6.2 1.0 ± 0.4 16.6 ± 6.3 2.6 ± 0.8 20.6 ± 7.4

Subtotals/averages 62.1 10.3 ± 2.4 16.6 ± 3.9 2.8 ± 0.5 21.0 ± 4.7

Petunidin (pt) pt-3-Gal 13.2 1.3 ± 1.0 9.7 ± 7.8 1.7 ± 1.2 12.2 ± 9.2

pt-3-Ara 4.4 1.3 ± 0.5 28.9 ± 10.7 4.5 ± 1.5 36.3 ± 13.7

pt-3-(6″-Acetoyl)-glucoside 2.3 0.3 ± 0.2 13.5 ± 6.6 1.6 ± 0.6 15.9 ± 6.6

Subtotals/Averages 19.9 2.9 ± 1.7 14.6 ± 8.5 2.4 ± 1.2 18.5 ± 10.6

Peonidin (pn) pn-3-Galactoside 3.0 0.6 ± 0.1 18.4 ± 2.7 3.0 ± 1.5 23.9 ± 5.4

Totals/cumulative Averages 152.0 t 23.1 ± 5.5 t 15.2 ± 3.6 a 2.3 ± 0.8 a 18.8 ± 4.7 a

BA = bioaccessibility; I.E. = ileal efflux; ACN input = mg per 500 mg of blueberry polyphenol-rich extract; BA amt. of ACN = bioaccessible
amount of ACN;

t
= total ACN input or total bioaccessible amount of ACN;

a
= Cumulative averages in respective columns. Data are expressed as the mean ± range from two TIM-1 experiments.
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Table 3

Bioaccessibility of blueberry anthocyanins grouped by sugar.

Sugar ACN input (mg) ACN BA (mg) ACN BA as % of input

FASTED FED FASTED FED

Glucosides 48.9 5.8 ± 0.7 6.8 ± 1.2 11.9 ± 1.5 13.8 ± 2.4

Galactosides 57.6 5.9 ± 2.8 4.1 ± 3.1 10.3 ± 4.8 7.0 ± 5.4

Arabinosides 29.9 4.8 ± 2.3 4.4 ± 1.7 16.2 ± 7.6 14.7 ± 5.6

Acyl-sugars 15.7 3.3 ± 1.1 2.4 ± 1.1 20.1 ± 7.1 15.3 ± 6.8

ACN = anthocyanins; BA = bioaccessibility; ACN input = 500 mg of blueberry polyphenol-rich extract. Data are expressed as the mean ± range
from duplicate TIM-1 experiments performed in fasted or fed conditions.
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