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ABSTRACT 
 

The colorful anthocyanins are well recognized members of the bioflavonoid 

phytochemicals. Anthocyanins have gained much attention as the food ingredients with 

health-promoting functions for recent years. Bilberries have been particularly known as 

one of the richest sources of anthocyanins. 

The physiological effects of anthocyanins in humans are dependent on the absorption 

after ingestion. Clinical studies have demonstrated that the bioavailability of 

anthocyanins is very low and highly variable because of their instability in physiological 

absorption conditions. The targets for the development of new anthocyanin products are 

improved absorption and reduced absorption variability. One way to achieve these targets 

is an increase of the stability of anthocyanins under physiological conditions.  

Amongst others, copigmentation of anthocyanins is a natural occurring mechanism 

to stabilize anthocyanins. For this reason, anthocyanin extracted from bilberry fruits have 

been investigated for their copigmentation effects in solution. 

Bilberry Anthocyanin Extracts (BAEs) exerting strong copigmentation effects were 

tested by both, an in vitro CaCo-2 cell culture system and an in vivo human clinical trial. 

It could be shown convincingly that copigmentation effects of BAEs were correlated with 

an increased absorption as well as with reduced absorption variability.  
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ABBREVIATIONS 
 

Dp-Gal : delphinidin 3-O-galactoside; Dp-Glu:delphinidin 3-O-glucoside; Dp-

Ara:delphinidin 3-O-arabinoside;  

Cy-Gal : cyanidin 3-O-galactoside;Cy-Glu:cyanidin 3-O-glucoside; Cy-Ara:cyanidin 3-

O-arabinoside; 

Pt-Gal : petunidin 3-O-galactoside; Pt-Glu: petunidin 3-O-glucoside; Pt-Ara: petunidin 3-

O-arabinoside; 

Pe-Gal: peonidin 3-O-galactoside; Pe-Glu: peonidin 3-O-glucoside; Pe-Ara: peonidin 3-

O-arabinoside; 

Mv-Gal: malvidin 3-O-galactoside; Mv-Glu: malvidin 3-O-glucoside; Mv-Ara: malvidin 

3-O-arabinoside. 

 

 

1. INTRODUCTION 
 

Anthocyanins belong to the flavonoid group of polyphenolic phytochemicals, generally 

occurring in fruits, vegetables, nuts, plant oils, cocoa and cereals. Flavonoids are comprised 

of a huge group (> 10.000) of diverse aromatic plant compounds with multiple substitution 

patterns. Among the flavonoid family, anthocyanidins are of special interest because their 

intake from the daily human diet is estimated to be more than 100 mg/day [1-3]. However, the 

bioavailability of anthocyanins in humans has been regarded very low and in studies 

investigating the urinary excretion the bioavailability was actually ranging only from 0.018% 

to 0.37% of the ingested does [4].  

 

 

2. GENERAL 
 

Based on increasing consumer awareness for natural instead of synthetic food 

ingredients, anthocyanins have been introduced into the food industries as coloring food 

ingredients and natural food colorants. More recently anthocyanins were recognized as 

functional food ingredients due to a number of physiological effects attributed to a daily 

ingestion of anthocyanins [5-8]. 

The increasing awareness of anthocyanins has promoted research into the stability and 

coloring properties, the structural elucidation and the distribution of anthocyanins in 

functional foods. Anthocyanin extracts prepared from edible berry fruits have gained much 

attention in many functional foods applications [9-13]. Among berry fruits, bilberries, 

Vaccinium Myrtillus L., (Photo 1) have been used with special interest for health-promoting 

foods because of their high natural contents of different types of anthocyanins [14-16]. 

Vaccinium myrtillus anthocyanins (VMA) consist of at least 15 anthocyanins which are 
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composed of 5 anthocyanidin skeletons, each occurring as 3-O-glycoside with glucose (Glu), 

galactose (Gal) or arabinose (Ara) (Figure 1) [17, 18]. 

 

 

2.1. In Vivo Studies with Berry Anthocyanins 
 

Pharmacokinetic studies in humans and animals demonstrated that edible berry 

anthocyanins were absorbed intact into the blood. However, the bioavailability is poor most 

likely because of the high instability of anthocyanins under physiological absorption 

conditions. Anthocyanins are quickly degradaded before absorption. Therefore, the low 

bioavailability of anthocyanins can be improved simply by improvement of absorption [19-

24].  

Poor bioavailability of nutrients is of no major concern unless the absorption is highly 

variable. Several published studies strongly indicated that the absorption of anthocyanins is 

highly variable. High variability of poorly absorbed compounds causes variable physiological 

effects and finally makes prediction for a dose-depending cause-and-effect relationship 

difficult, if not impossible.  

 

 

2.2. Stability of Anthocyanins Depending on pH 
 

Development of novel functional food products rich in anthocyanins must overcome the 

instability of anthocyanins under different physiological conditions. The stability of 

anthocyanins in solution and the color appearance are strongly correlated [25-31]. Depending 

on the pH value, the color of anthocyanins changes substantially (Figure 2). The changes 

observed depend on a structural change of the anthocyanidin skeleton (Figure 3). The change 

substantially influences the maximum absorption wavelength (λmax) and the extinction value 

(E) at λmax (Figure 4). In the acidic region, the color is stable over time indicating stability of 

the corresponding anthocyanidin structure. However, at physiologically relevant weakly 

acidic and neutral pH, the color of anthocyanins is unstable over time indicating degradation 

the corresponding anthocyanin structures. Determination of color stability over time using 

visual spectrum or color measurement (CIE-Lab) could be used to estimate the stability of 

anthocyanins [32-35]. To obtain quantitative information on the degradation of anthocyanins, 

high performance liquid chromatography (HPLC) analyses are used [36, 37]. 

 

 

Compound   R'3  R'5 

cyanidin (Cy)  OH  H 
 

delphinidin (Dp)   OH  OH 
 

petunidin (Pt)  OH  OCH3 
 

peonidin (Pe)  OCH3  H 
 

malvidin (Pt)  OCH3 OCH3 

 

Figure 1. Structures of 5 anthocyanidins occurring in bilberry. 
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Photo 1. Bilberry fruits in harvest time. Photographed by Hannu Huttsu, Aug 2006. 

In their natural environment, anthocyanins appear to be stable under conditions 

resembling the physiological absorption conditions. Several, naturally occurring mechanisms 

for anthocyanin stabilization in plants have been identified [38]. In addition to the 

stabilization of anthocyanin structures, those mechanisms cause usually significant changes in 

the color appearances which explains the enormous color variation of anthocyanins in nature. 

Color changes could be explained by both, a bathochromic (λmax drifts to higher wavelengths) 

and a hyperchromic (Є at λmax increases) shift. 

 

 

Figure 2. pH-dependent shift of the color in aqueous solutions of VMA extracts (BAEs) (McIlvaine 

buffer system, numbers correspond to pHs). 
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Figure 3. pH-dependent change of the anthocyanidin skeleton structure. 

 

 

Figure 4. pH-dependent shift of λmax [blue line] and Є at λmax [red line] (10
-3 

M aqueous solution Cy-Glu 

in McIlvaine buffer system). 
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2.3. Formation of Anthocyanin-Complex with Metal Ions 
 

Anthocyanins can form stable complexes in presence of metal ions such as Al
3+

 (to a 

lesser extent with Mg
2+

, Fe
2+

 and other metal ions) as shown in Figure 5 [39]. 

  

Figure 5. Complex of anthocyanin with Al
3+

. Left: pH around 3-4; Right: pH around 4-6 (red parts 

indicate anchor point for other anthocyanin molecules). 

Anthocyanins with acyl groups bound to the sugars may form complexes with other 

flavonoids around a central metal ion. Such complexes are known as metalloanthocyanins 

possessing interesting properties in terms of color, stability and solubility [40]. Examples are 

the metalloanthocyanins occuring in Centaurea cyanus L. (protocyanin) and of Commelina 

communis L. (commelinin) [41, 42]. 

 

 

2.4 Anthocyanin – Copigmentation  
 

Copigmentation comprises of several mechanisms for anthocyanin stabilization (Figure 

6) and is an important phenomenon strongly contributing to the stability and color variation 

of anthocyanins. Also, copigmentation effects can be observed as batho- and hyperchromic 

shifts in solutions. The magnitude of both batho- and hyperchromic shifts depend on the 

copigmentation mechanism, the content of the copigmentation formation, the ratio of 

anthocyanins to copigments, and the pH of the solution. Although there is no strict 

correlation, larger batho- and hyperchromic shifts indicate higher copigmentation strength. 

Copigmentation effects are also described for the anthocyanins occurring in bilberries [43-

47]. 

Current production techniques of commercial anthocyanin extracts used in functional 

food ingredients are focused on optimum anthocyanin extraction yield and neglect to 

investigate whether copigmentation effects are retained in the final products. Innovative 

products with a strong copigmentation effect should lead to higher anthocyanin stability under 

physiological conditions and provide a possibility to increase the absorption of anthocyanins. 

For this reason, it was attempted to develop novel anthocyanin extracts from bilberries 

with a special focus on copigmentation effects observed under physiological conditions. 

These candidate extracts were tested using both in vitro and in vivo to confirm whether 

copigmentation could increase the absorption or reduce variability of the absorption of 

anthocyanins.  

This chapter presents the results of both in vitro and in vivo experiments to investigate the 

absorption of VMA from extracts with different copigmentation strengths. 

2.3  Formation of Anthocyanin-Complex with Metal Ions 

Anthocyanins can form stable complexes in presence of metal ions such as Al
3+

 (to a lesser extent with 

Mg
2+

, Fe
2+

 and other metal ions) as shown in Figure 5 [39]. 

Figure 5 Complex of anthocyanin with Al
3+

. Left: pH around 3-4; Right: pH around 4-6 (red parts 

indicate anchor point for other anthocyanin molecules)  

 

Anthocyanins with acyl groups bound to the sugars may form complexes with other flavonoids 

around  
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Figure 6. Overview of copigmentation mechanisms. 

I : Intermolecular self-association of anthocyanins. 

II : Intermolecular association of anthocyanins and copigments (flavone or flavonol). 

III: Intermolecular association of anthocyanins and copigments augmented by metal ions. 

IV: Intramolecular association of acylated anthocyanins (acyl group is the copigment). 

 

3. MATERIALS  
 

Solvents (HPLC-grade), standard chemicals including p-coumaric acid (p.a.-grade or 

better) and stationary phase material (Sephadex LH20, Amberlite XAD-7 and 

poly(vinylpolypyrrolidone 110 µm mesh) were obtained from Sigma-Aldrich Inc. (St. Louis, 

MO, USA) or VWR International, LLC (Radnor, USA). Anthocyanin reference compounds 

were obtained from Extrasynthese (Lyon, France). Bilberries (crop 2006) were harvested 

from Savukoski area Finland (Photo 1). BAE 1 (Standard Bilberry extract) and BAE 2 

(MyrtArgos) were kindly supplied by Omnica Co., Ltd. in Tokyo, Japan.  

 

 

4. METHODS 
 

4.1. Copigmentation Test 
 

Single anthocyanins, VMA extracts and copigments were dissolved in McIlvaine citrate-

phosphate buffer (pH 4.5 or 7.5). Copigmentation of single anthocyanins with copigments 

was determined at a molar ratio of 1:20. BAEs were dissolved directly in buffer and cleared 

by filtration. For comparative purposes, tentative copigments present in BAEs were removed 

by purification over poly(vinylpolypyrrolidone) at the conditions described below.  

Visible spectrum analyses and color measurements were performed with a Hunter Lab 

ColorQuest XE. Incubations were performed at 37 °C for up to 360 min with samples taken 

every 10-15 minutes. For HPLC conditions see 4.4. All tested samples were adjusted for the 

same content of anthocyanins. 
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4.2. Preparation of Bilberry Extracts 
 

An almost pure anthocyanin concentrate lacking copigments (PBAC) was prepared as a 

control following previously published techniques [48-51]. Briefly, 3 kg bilberries collected 

in Finland and provided by Omnica Co., Ltd., were crushed and extracted 3 times with 

ethanol/formic acid=9/1 (v/v). The combined extracts (9 L) were evaporated by vacuum 

distillation. The dry residue was dissolved in 100 mL deionized water/formic acid=99.95/0.05 

(v/v). Aliquots of 5 mL were loaded on a semi-preparative column (Amberlite XAD-7, 40 x 

3.5 mL bed volume) equilibrated with water/formic acid=99.95/0.05 (v/v). The column was 

washed with deionized water/formic acid=99.95/0.05 (v/v), the anthocyanin fraction was then 

eluted with ethanol/formic acid=9/1 (v/v). The combined anthocyanin fractions were 

evaporated by vacuum distillation. After dissolution in 50 mL water/formic acid=99.95:0.05 

(v/v) aliquots of 5 mL were loaded onto on a semi-preparative column (Sephadex LH-20, 40 

x 3.5 mL bed volume) equilibrated with deionized water/formic acid=99.95/0.05 (v/v). After 

washing of the column with deionized water/formic acid=99.95/0.05 (v/v), elution of 

anthocyanins was accomplished by a stepwise gradient from 5 to 70 % ethanol in deionized 

water/formic acid=99.95/0.05 (v/v). The combined anthocyanin fractions were evaporated by 

vacuum distillation. After dissolution in 50 mL deionized water/trifluoroacetic acid=99/1 

(v/v) aliquots of 5 mL were loaded on a semi-preparative column (poly(vinylpolypyrrolidone) 

110 µm mesh, 40 x 3.5 mL bed volume) equilibrated with deionized water/trifluoroacetic 

acid=99/1 (v/v). After washing of the column with deionized water/trifluoroacetic acid=99/1 

(v/v), elution of anthocyanins was accomplished with ethanol/trifluoroacetic acid=95/5 (v/v). 

The combined fractions were evaporated by vacuum distillation and dissolved in 10 mL 

trifluoroacetic acid followed by drop-wise addition to 1 Liter ice-cold water free diethylether 

for crystallization of anthocyanins. The overall extraction yield was 7.2 g PBAC.  

In cooperation with Omnica Co., Ltd. (Tokyo, Japan) BAEs were produced and 

characterized for copigmentation effects. For series I of BAEs, bilberries were grinded and 

extracted in an ethanol/water/phosphoric acid solution. After concentration by vacuum 

distillation, the anthocyanins were further concentrated by preparative resin absorption. 

Afterwards they were fractionated and eluted in ethanol/water mixtures. The anthocyanin 

containing fractions were concentrated by vacuum distillation and finally spray dried. 

Variations included the ethanol/water ratio in the extraction solvent and the addition of 

antioxidant (L-cysteine) to prevent oxidation processes during manufacturing.  

For series II of BAEs, bilberries were squeezed to obtain juice. The press residue from 

juice preparation was grinded and extracted in an ethanol/water/phosphoric acid solution. The 

juice was further processed as described above. Further on, the juice and the extract were 

combined in varying ratio and processed as described above. Again, variations included the 

ethanol/water ratio in the extraction solvent and addition of antioxidants.  

For comparative purposes, potential copigments were removed from the BAEs produced 

by purification over poly(vinylpolypyrrolidone) chromatography as described above.  

 

 

4.3. CaCo-2 Cell Test System 
 

The CaCo-2 cell culture test system was chosen to estimate the rate and extent of 

absorption in vitro [52-54]. CaCo-2 cells were cultured in Dulbeccos’s Modified Eagle 
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Medium containing 20% fetal bovine serum, 1.2 % non-essential amino acids, 0.83 mM L-

glutamine, 1.2 % penicillin-streptomycin and 0.1 % mercaptoethanol in an atmosphere of 5% 

CO2 and 95% air at 37°C. Cells were grown in 75 cm
2
 culture-flasks (T75) and sub-cultured 

after one week. Prior to experiments, cells were seeded in wells at a density of 3x10
5
 

cells/well (standard 6-well cell culture plate) and grown in an atmosphere of 5% CO2 and 95% 

air at 37°C until confluence was reached. For the experiments, BAEs were dissolved in 

incubation medium (adjusted to 1 mg anthocyanins/ml medium) and transferred into the wells. 

The cells were incubated for 30, 60 and 90 minutes at 37 °C. At each time point, the cells 

from 5 wells were removed for further processing (removal of medium, washing of cells with 

buffer, harvest of cells, and disruption of cells in acidified methanol, centrifugation and 

storage of the clear supernatant until analysis by HPLC/UV. Each experiment was performed 

in three replicates providing 15 samples/experiment/time-point. The individual anthocyanin 

concentrations observed in each well were summed up. Results given are mean values of the 

summarized anthocyanin concentration observed per well and time point (Figure 13, Table 3). 

 

 

4.4. HPLC Analysis 
 

Separation of anthocyanins was achieved on a Knauer, Hypersil ODS (250×4.6 mm) 

column with a flow rate of 1.5 mL/min using a linear gradient from 100 % deionized 

water/formic acid =90/10 (v/v) to 30 % methanol/acetonitrile/formic acid/water=20/20/10/50 

(v/v) in 40 minutes. The column was kept at 45 °C. Detection was performed with UV/VIS 

(520 nm) coupled to positive mode ESI/MS [55, 56]. Quantification was performed against 

external standardization (Cy-Glu, Dp-Glu, Mv-glu, Pe-Glu) using single ion monitoring 

selective for anthocyanins and anthocyanidins occurring in bilberries. The qualitative 

elucidation of anthocyanin structures was performed using total ion current settings.  

During the copigmentation and the in vitro experiments the samples collected were 

submitted to HPLC without further treatment. Samples obtained during the clinical study 

were subjected to solid phase extraction before analysis [57, 58]. 

 

 

4.5. Pharmacokinetic Study in Healthy Human 
 

For pharmacokinetic investigations in humans, a randomized crossover design with 

multiple treatments in 12 subjects of either gender was chosen (Figure 12). The study design 

followed GCP guidelines, the Declaration of Helsinki, and fulfilled the guideline for 

bioequivalence testing [59-61]. The design of the study was approved by the Responsible 

Ethics Committee. 

Primary aim of the study was to investigate the pharmacokinetic profile of VMA after 

single and multiple intakes of two selected BAEs (BAE 1 or BAE 2) in order to compare the 

rate and extent of absorption of the anthocyanins. During each period, the participants 

received once daily treatments for 7 consecutive days with 185 mg anthocyanins from either 

BAE 1 or BAE 2. Between the 2 periods a wash-out period of 7 days was introduced. During 

each period blood samples were drawn for pharmacokinetic assessments on the corresponding 

treatment days 1 (single dose) and 7 (repeated dose) immediately before and 0.5, 1.5, 2.5 and 

4 hours after administration (Figure 13). Blood samples drawn were immediately cooled to 
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4 °C and centrifuged at 4 °C to obtain plasma. Plasma samples were acidified with formic 

acid (1800 µL blood + 200 µL formic acid), vortexed for 5 minutes and centrifuged again at 

13.000 rpm for 5 minutes. The supernatant was collected, transferred into an appropriately 

labeled vial and stored at -80 °C until analysis. From the plasma concentrations observed, the 

pharmacokinetic parameters Cmax (maximum concentration) (Table 4, Figure 13) and AUC0-inf 

(area under the concentration time curve extrapolated from 0 to infinity) (Tables 6, 7) were 

calculated using non-compartmental methods. Bioequivalence assessment was performed 

according to published methods [62, 63]. Bioequivalence assessment consisted of the 

calculation of the intra-individual ratios of Cmax and AUC0-inf values BAE 2/BAE 1, the 

calculation of the corresponding mean ratio (comparative bioavailability) and the confidence 

interval (C.I.). If the mean ratio, together with the confidence interval, lies within the margins 

of 80-125 % the two products tested are bioequivalent; otherwise the products are not 

bioequivalent (Tables 4,5,6,7). 

 

 

Figure 12. Flowchart of clinical study interventions. 

Total (n=12) average age 33 y; male (n=3) average age 34 y; female (n=9) average age 38 y. 

 

5. RESULTS 
 

5.1. Effects of Copigmentation 
 

Exemplifying for the intermolecular association of anthocyanins and copigments, the 

batho- and hyperchromic shift obtained for copigmentation of Cy-Glu with p-coumaric acid at 

pH 4.5 are shown in Figure 7. In Figure 8, the stabilization observed for copigmentation of 

Cy-Glu with coumaric acid at pH=7.5 and 37 °C is presented. The results obtained indicate 

that copigmented anthocyanins are substantially more stable under the physiologically 

relevant conditions.  
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5.2. Development of Copigmented Bilberry Anthocyanin Extracts (BAEs) 
 

The primary target was to elucidate the influence of different manufacturing processes on 

copigmentation effects of BAEs.  

A reference PBAC completely devoid of copigments was prepared. The anthocyanin 

content in PBAC was determined to be >85 %. All 15 anthocyanins occurring in bilberry 

were retrieved by HPLC in their approximate relative distribution. This indicated that the 

applied purification technique yielded an apparently pure anthocyanin fraction with the 

naturally occurring anthocyanin pattern. The visible spectrum and color characteristics of 

PBAC obtained were interpreted as typical for VMA without copigmentation effects.  

 

 

Figure 7. Visible absorption spectrum of pure (lower trace: red) and Cy-Glu copigmented with 

coumaric acid (upper trace: black) at pH 4.5 (bathochromic shift: +15 nm; hyperchromic shift: +50 %). 

 

 upper blue line :copigmented Cy-Glu; lower red line :single Cy-Glu. 

Figure 8. Degradation of Cy-Glu copigmented p-coumaric acid at pH 7.5 and 37 °C. 
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The BAEs prepared were compared with PBAC for copigmentation effects. Based on the 

results obtained, two extracts denominated as BAE 1 (low copigmentation effect) and BAE 2 

(high copigmentation effect, MyrtArgos) were selected for further experimental works. The 

visible spectrum and color characteristics as well as the stability (aqueous buffer pH=7.5, 37 

°C, up to 6 hours) of BAE 1 and BAE 2 are shown in Tables 1, 2, and Figures 9, 10. BAE 1 

was obtained from series I with 80 % ethanol in the extraction solvent and antioxidants 

included. The anthocyanin content was 34.5 %. BAE 2 was obtained from series II with 

supplementary antioxidants and combining the whole press residue extract (extracted with 80 

% ethanol) with the juice. The anthocyanin content was 38.3 %.  

The results strongly indicate that BAE 1 and BAE 2 show spectroscopic properties of 

copigmentation. That copigmentation reactions are the reason for the spectroscopic changes 

could be derived from the comparison of BAEs prior to and after removal of copigments. In a 

general agreement, the magnitude of the copigmentation effect was taken as an estimate of 

the copigmentation strength. The results of color measurement indicated that the color 

stability correlated with the copigmentation strength. The results of the stability revealed that 

the stability of anthocyanins under physiological conditions correlates with the 

copigmentation strength observed. The removal of copigments diminished the stabilization 

effect. 

 

Table 1. Summary of visible spectra characteristics of three VMA extracts (aqueous 

buffer pH 4.5) PBAC, BAE 1 and BAE 2 

 

Sample characteristic  Bathochromic shift Hyperchromic shift 

(difference in λmax, nm) (difference in Emax, %) 

PBAC Reference=520 nm Reference=100 % 

BAE 1  +10 123 

BAE 1 (after removal of 

copigments) 

+2 104 

BAE 2  +25 167 

BAE 2 (after removal of 

copigments) 

+5 107 

 

Table 2. Color characteristics (CIE-lab) of three VMA extracts in aqueous solution 

(pH=4.5) obtained immediately after dissolution, and after 24 hours at room 

temperature 

 

Sample characteristic L* a* b* dL* da* db* dE* 

PBAC 83.37 11.87 -2.65 -12.42 11.92 -2.53 12.03 

PBAC after 24 hours 89.67 5.28 0.23 -6.12 5.33 0.35 5.16 

BAE 1 77.90 12.40 -0.02 -17.89 12.45 0.10 12.27 

BAE 1 after 24 hours 81.79 10.22 -0.07 -14.00 10.27 0.05 10.09 

BAE 2 83.47 10.87 1.30 -12.33 10.93 1.42 10.82 

BAE 2 after 24 hours 82.56 12.55 -0.55 -13.24 12.60 -0.43 12.43 

L*:lightness; a*:color strength between purple-red and blue-green; b*:color strength between yellow 

and blue; dL*, da*, db*: L*, a*, b* corrected for standard; dE*:total color difference. 
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lower red line:PBAC; medium blue line:BAE 1; upper green line:BAE 2. 

Figure 9. Comparative stability of 3 VMA extracts (aqueous buffer pH=7.5, 37 °C, HPLC/UV with 

external standardization). 

 
upper green line: BAE 2; lower yellow line: BAE 2 after removal of copigments. 

Figure 10. Stability of VMA extracts in relation to copigmentation (aqueous buffer pH=7.5, 37 °C, 

HPLC/UV). 
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5.3. In Vitro Investigations with CaCo-2 Cell 
 

The absorption of anthocyanins from PBAC, BAE 1 and BAE 2 were investigated in 

vitro using the CaCo-2 cells culture system. Figure 11 shows the amount of anthocyanins 

recovered in the cells at the indicated time points, whereas Table 3 contains the amount of 15 

anthocyanins determined after 60 minutes of incubation. These results strongly indicate that 

the absorption of anthocyanins into CaCo-2 Cell correlates with the copigmentation strength. 

An estimate of the increase could be derived from the concentrations of 15 anthocyanins 

observed after 60 minutes of incubation. Strong copigmentation doubled the amount of 

anthocyanins absorbed when compared to PBAC lacking copigmentation. It should be noted 

that the amount of all 15 anthocyanins was increased suggesting that copigmentation could 

protect all anthocyanins present in bilberries. 

 

 

Lower red line : PBAC ; Medium blue line : BAE 1 ; Upper green line: BAE 2. 

Figure 11. Mean values of anthocyanins ± s.d. (n=15) absorbed into CaCo-2 cells from 3 bilberry 

extracts. 

 

5.4. Pharmacokinetic Study in Humans 
 

The absorption of anthocyanins from BAE 1 and BAE 2 was investigated in vivo in a 

randomized, cross-over pharmacokinetic study in 12 subjects with single and repeated oral 

administration.  

Figure 13 shows the mean values of anthocyanidin-related structures observed in plasma 

after single and repeated administration of either BAE 1 or BAE 2. The values shown refer to 

the sum of all individual structures bearing the corresponding anthocyanidin. Table 4 gives 

the maximum plasma concentrations observed for 15 anthocyanins after treatment with BAE 

1 or BAE 2. Table 5 shows the scattering of Cmax values observed. The results of the 

bioequivalence assessment are shown in Tables 6 and 7.  
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Table 3. Mean values of 15 anthocyanins (nmol/mL cell content) absorbed into CaCo-2 

cell from three bilberry extracts after 60 minutes incubation (n=15) at 37C 

 

Compound PBAC BAE 1 BAE 2 

Dp-Gal 0.0303 0.0450 0.0601 

Dp-Glc 0.0306 0.0443 0.0629 

Dp-Ara 0.0268 0.0367 0.0460 

Cy-Gal 0.0365 0.0557 0.0669 

Cy-Glu 0.0287 0.0454 0.0620 

Cy-Ara 0.0110 0.0132 0.0211 

Pt-Gal 0.0284 0.0319 0.0511 

Pt-Glu 0.0174 0.0270 0.0318 

Pt-Ara n.a. 0.0124 0.0169 

Pe-Gal n.a. 0.0114 0.0130 

Pe-Glu 0.0166 0.0240 0.0258 

Pe-Ara n.a. n.a n.a 

Mv-Gal 0.0170 0.0251 0.0240 

Mv-Glc 0.0201 0.0329 0.0358 

Mv-Ara n.a. n.a 0.0194 

Sum  

(%) 

0.264 

(100 %) 

0.405 

(153 %)
†
 

0.537 

(203 %)
†
 

n.a.:not applicable (below limit of detection); 
†
:relative to sum of PBAC. 

 

 

Figure 13. (A) Mean concentrations of anthocyanidin-relates compounds (nmol/L) after single (day 1) 

and repeated (day 7) oral administrations of BAE 1 (n=12). Each plasma level/time curve covers 0-4 

hours (at 0.5h/1.5h/2.5h/4.0h, respectively) after treatment; blue line a: cyanidin; red line b: 

delphinidin; green line c: petunidin; orange line d: peonidin; magenta line e: malvidin. 
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Figure 13. (B) Mean concentrations of anthocyanidin-relates compounds (nmol/L) after single (day 1) 

and repeated (day 7) oral administrations of BAE 2 (n=12). Each plasma level/time curve covers 0-4 

hours (at 0.5h/1.5h/2.5h/4.0h, respectively) after treatment; blue line a: cyanidin; red line b: 

delphinidin; green line c: petunidin; orange line d: peonidin; magenta line e: malvidin. 

Table 4. Mean maximum concentrations (nmol/L) of VMA after single and repeated 

administration of BAE 1 and BAE 2 (n=12, respectively) 

 

Compound Cmax, single administration Cmax, repeated administration 

 BAE 1 BAE 2  BAE 1  BAE 2 

Cy-Glu 21.4 42.5 31.0 64.8 

Cy-Glu 11.6 17.1 16.5 33.9 

Cy-Ara 8.35 15.5 12.9 26.3 

Dp-Glu 11.6 23.4 19.6 37.0 

Dp-Gal 9.03 16.3 13.1 30.3 

Dp-Ara 9.20 16.8 14.3 25.7 

Pt-Glc 11.9 20.0 16.7 35.3 

Pt-Gal 4.18 7.10 5.64 12.7 

Pt-Ara 2.96 7.74 4.33 12.8 

Pe-Glc 6.26 13.8 10.4 23.8 

Pe-Gal 1.99 4.75 3.02 8.86 

Pe-Ara 2.54 4.39 2.77 8.31 

Mv-Glc 12.2 24.9 17.0 44.0 

Mv-Gal 4.06 8.32 6.29 12.8 

Mv-Ara 3.46 7.56 5.18 12.5 
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Table 5. Scattering of Cmax values (Sum of anthocyanidin-related structures) after single 

(day 1) and repeated (day 7) treatments with BAE 1 and BAE 2, coefficient of variation 

(%) (n=12, respectively) 

 

Compound 

 

Single treatment  Repeated treatment 

BAE 1 BAE 2 BAE 1 BAE 2 

Cyanidin-relates 26.6 21.2 24.0 20.5 

Delphinidin-relates 29.4 23.3 27.8 24.9 

Petunidin-relates 30.2 26.1 29.8 25.4 

Peonidin-relates 27.8 24.6 29.5 25.0 

Malvidin-relates 24.3 19.7 23.9 20.1 

 

The results strongly indicate that the mean anthocyanin plasma levels were considerably 

higher after treatment with BAE 2 when compared to BAE 1. Likewise the values for Cmax 

and AUC0-inf, indicative for the rate and extent of absorption, of BAE 2 were higher when 

compared to that of BAE 1. The effects observed are more significant after repeated 

treatments when compared to single treatment. Interestingly, the individual values for Cmax 

after treatment with BAE 1 indicated higher variability when compared to BAE 2 (Table 7). 

Whether this points to reduced variability in the absorption due to higher copigmentation 

strength cannot be concluded at this stage. However, the finding could indicate that 

copigmented anthocyanins were stabilized irrespectively of the individual physiological 

conditions at the absorption site whereas the stability of anthocyanins devoid of 

copigmentation effects was more dependent on individual conditions.  

The results of the bioequivalence assessment demonstrated a significantly increased 

relative bioavailability (supra-bioavailability) of BAE 2 when compared to BAE 1 after single 

(day 1) and repeated treatment (day 7). 

 

Table 6. Results for the bioequivalence test of pharmacokinetic parameters after single 

treatments with BAE 1 and BAE 2 

 

Compound Comparative 

bioavailability  

BAE 2/BAE 1 (%) 

Confidence interval  

BAE 2/BAE 1 (%) 

  Cmax AUC0-inf Cmax AUC0-inf 

Cyanidin-relates 162.0
1)

 161.1
1)

 145.5-180.5
1)

 150.6-172.2
1)

 

Delphinidin-relates 158.4
1)

 126.4
1)

 142.9-175.6
1)

 89.2-178.2
1)

 

Petunidin-relates 182.0
1)

 n.a.
 
 160.9-205.8

1)
 n.a. 

Peonidin-relates 215.1
1)

 n.a.
 
 185.0-250.2

1)
 n.a. 

Malvidin-relates 197.6
1)

 n.a.
 
 173.1-225.5

1)
 n.a. 

1) statistically significant better bioavailability of BAE 2; n.a. : not applicable (AUC could not be 

determined). 
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Table 7. Results for the bioequivalence test of pharmacokinetic parameters d after 

repeated (day 7) treatment with BAE 1 and BAE 2 

 

Compound  Comparative 

bioavailability BAE 

2/BAE 1 (%) 

Confidence interval  

BAE 2/BAE 1 (%) 

 

Cyanidin-relates 

Cmax 

196.3
1)

 

AUC0-inf 

187.1
1)

 

Cmax 

181.3-212.7
1)

 

AUC0-inf 

163.4-202.2
1)

 

Delphinidin-relates 188.5
1)

 206.4
1)

 163.3-217.7
1)

 165.3-257.8
1)

 

Petunidin-relates 201.2
1)

 n.a. 177.6-228.0
1)

 n.a. 

Peonidin-relates 202.6
1)

 n.a. 183.9-223.2
1)

 n.a. 

Malvidin-relates 237.9
1)

 n.a. 208.8-271.1
1)

 n.a. 

1) statistically significant better bioavailability of BAE 2; n.a.: not applicable (AUC could not be 

determined). 

 

 

6. DISCUSSION 
 

VMA have gained much attention as functional food ingredients. However, the 

bioavailability in humans is poor because VMA are instable under physiological conditions, 

especially under the pH conditions at the absorption site. Moreover, published studies indicate 

that absorption of anthocyanins is highly variable. 

The current knowledge of anthocyanin copigmentation effects could provide a way to 

investigate whether copigmentation can overcome the instability of anthocyanins under 

physiological conditions leading to better absorption and reduced variability of absorption. 

The investigations at hand showed that the conditions of the manufacturing process for 

bilberry anthocyanin extracts influence the copigmentation strength of the resulting product. 

As described in the experimental setups, the direct extraction of bilberries yields a low 

copigmentation effects only. Strong copigmentation effects were only achieved by obtaining a 

berry juice, extraction of the press residue and combining both, the juice and the press residue 

extract. Moreover, a positive effect of antioxidants on the resulting copigmentation strength 

was observed. The investigations showed that different manufacturing processes can yield 

extracts with substantially higher copigmentation strength regardless of their content of 

anthocyanins. To provide conclusive results, further investigations into the detailed 

phytochemical composition of differently prepared VMA extracts following up published 

procedures should be performed [64-66]. Comparison of the phytochemical composition in 

the extracts with special emphasis laid on copigment structures and the copigmentation 

strength should provide the conclusive results for the phenomena observed. 

In this study, the stability of VMA from different bilberry extracts under physiological 

conditions correlated with the copigmentation strength. Moreover it could be demonstrated 

that the removal of the copigment fraction diminished these effects. It is therefore reasonable 

to conclude that the copigmentation phenomena observed in the natural environment can be 

retained in VMA extracts if a special manufacturing process is chosen. 

Following the hypothesis, it was expected that the stabilization of anthocyanins under 

physiological conditions could provide an opportunity for improved absorption. Two BAEs, 
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selected on the basis of their copigmentation strengths (low for BAE 1 and high for BAE 2, 

respectively), were further submitted to in vitro and in vivo absorption studies.  

The in vitro tests for the absorption of anthocyanins into CaCo-2 cells provided strong 

evidence that the copigmentation strength observed in the BAEs tested correlated with 

improved absorption of anthocyanins The detailed mechanism of absorption of anthocyanins 

is unknown; hence, the improved absorption observed cannot be explained conclusively yet. 

The increased stability of anthocyanins resulting in higher concentrations of intact 

anthocyanins over time might be just one explanation. It might also be speculated that 

copigmented anthocyanins are better absorbed than single anthocyanins or that copigmented 

anthocyanins follow a different absorption route than single anthocyanins. In both cases, this 

might be due to changes in the physiochemical properties in response to copigmentation. 

Moreover it cannot be completely excluded that the correlation of copigmentation strength 

and improved absorption pretends a true, yet unknown, mechanism for improving absorption.  

The in vivo test investigating the pharmacokinetics in humans confirmed the in vitro test 

results observed. Based on the Cmax and AUC0-inf values calculated from the anthocyanin 

plasma concentrations, a substantially improved absorption correlating with the 

copigmentation strength can be derived. Bioequivalence assessment demonstrated that VMA 

from an extract with strong copigmentation effects are significantly better bioavailable than 

from an extract with low copigmentation effects. 

The results observed in our in vitro test system and in our in vivo pharmacokinetic study 

in humans could support the copigmentation hypothesis discussed above. Based on the Cmax 

and AUC0-inf values calculated from the anthocyanin plasma concentrations observed in the 

human in vivo study, a substantially improved absorption correlating with the copigmentation 

strength could be derived. Bioequivalence assessment demonstrated that VMA from an 

extract with strong copigmentation effects were significantly higher bioavailable than that of 

an extract with low copigmentation effects. 

Based on the scattering of the Cmax values, also a trend to the reduced variability of the 

absorption could also be observed for the bilberry extract with a strong copigmentation effect. 

Although statistically not significant, it can be speculated that increased stability based on 

copigmentation effects at the physiological site of absorption might lead to and maintain a 

more consistent anthocyanin absorption. Consistency of absorption points to reduced 

variability in plasma concentrations and would make a dose-effect relationship more 

predictable.  

 

 

CONCLUSION 
 

Taken together, the extent of anthocyanins absorbed correlates in vitro and in vivo with 

copigmentation effects observed. Bilberry anthocyanin extracts with a strong copigmentation 

effect -observed as changes in the visible spectrum and increased stability at physiologically 

relevant conditions- are statistically better absorbed in humans. Further investigations will 

focus on the detailed composition of bilberry anthocyanin extracts which should provide 

insights into the exact mechanisms of copigmentation.  

 

 



Thomas Eidenberger, Manuel Selg and Sigrid Fuer 

 

278 

REFERENCES 
 

[1] Hertog MG, Hollman PC, Katan MB, Kromhout D. Intake of potentially 

anticarcinogenic flavonoids and their determinants in adults in Netherlands. Nutr 

Cancer, 20, 21–29, (1993). 

[2] Prior RL. Absorption and metabolism of anthocyanins: potential health effects in 

phytochemicals – mechanisms of action. In Phytochemicals: mechanism of action. 

Meskin MS, Bidlack WR, Davies AJ, Lewis DS, Randolph RK. Eds. CRC Press, Boca 

Boton, 1-19 ,(2004). 

[3] Kühnau J. The flavonoids. A class of semi-essential food components: their role in 

human nutrition. World Rev Nutr Diet 24, 117-191, (1976). 

[4] Galvano F, La Fauci L, Vitaglione P, Fogliano V, Vanella L, Felgines C. 

Bioavailability, antioxidant and biological properties of the natural free-radical 

scavengers cyanidin and related glycosides. Ann Ist Super Sanita, 43(4), 382-393, 

2007. 

[5] Delgado-Vargas F, Jimenez AR, Paredes-Lopez O. Natural pigments: Carotenoids, 

anthocyanins, and betalains-characteristics, biosynthesis, processing, and stability. Crit 

Rev Food Sci Nutr 40, 173-289, (2000). 

[6] Tsuda T, Shiga K, Ohshima K, Kawakishi S, Osawa T. Inhibition of lipid peroxidation 

and the active oxygen radical scavenging effect of anthocyanin pigments isolated from 

Phaseolus vulgaris L. Biochem Pharmacol, 52, 1033-1039 ,(1996). 

[7] Wang H, Cao G, Prior RL. The oxygen radical absorbing capacity of anthocyanins. J 

Agric Food Chem, 45, 304-309, (1997). 

[8] Russo A, Acquaviva R, Campisi A, et al. Bioflavonoids as antiradicals, antioxidants 

and DNA cleavage protectors. Cell Biol Toxicol, 16, 91-98, (2000). 

[9] Kähkönen MP, Heinämäki J, Ollilainen V, Heinonen M. Berry anthocyanins: isolation, 

identification and antioxidant activities. J Sci Food Agric, 83, 1403-1411, (2003). 

[10] Prior RL, Cao G, Martin A, et al. Antioxidant capacity as influenced by total phenolic 

and anthocyanin content, maturity, and variety of Vaccinium species. J Agric Food 

Chem, 46, 2686-2693, (1998). 

[11] Hong V, Wrolstad RE. Characterization of anthocyanin-containing colorants and fruit 

juices by HPLC/photodiode array detection. J Agric Food Chem, 38, 698-708, (1990). 

[12] Kong JM, Chia LS, Goh NK, Chia TF, Brouillard R. Analysis and biological activities 

of anthocyanins. Phytochem, 64, 923-933, (2003). 

[13] Beattie J, Crozier A, Duthie GG. Potential Health Benefits of Berries. Current Nutr 

Food Sci, 1, 71-86, (2005). 

[14] Canter PH, Ernst E. Anthocyanosides of Vaccinium myrtillus (bilberry) for night 

vision-a systematic review of placebo-controlled trials. Surv Ophthalmol, 49, 38-50, 

(2004). 

[15] Baj A, Bombardelli E, Gabetta B, Martinelli EM. Qualitative and Quantitative 

evaluation of Vaccinium Myrtillus anthocyanins by high-resolution gas 

chromatography and high-performance liquid chromatography. J Chrom, 279, 365-372, 

(1983). 

[16] Muth ER, Laurent JM, Jasper P. The effect of bilberry nutritional supplementation on 

night visual acuity and contrast sensitivity. Altern Med Rev, 5, 164-173, (2000). 



Comparative Human In Vitro and In Vivo Bioavailability Investigation ... 

 

279 

[17] Morazzoni P, Bombardelli E. Vaccinium myrtillus L. Fitoterapia, 67, 3-29, (1996). 

[18] Canter PH, Ernst E. Anthocyanosides of Vaccinium myrtillus (bilberry) for night 

vision-a systematic review of placebo-controlled trials. Surv Ophthalmol, 49, 38-50, 

(2004). 

[19] McKhie MG, Ainge GD, Barnett LE, Cooney JM, Jensen DJ. Anthocyanin Glycosides 

from Berry Fruit Are Absorbed and Excreted Unmetabolized by Both Humans and 

Rats. J. Agric. Food Chem, 51, 4539-4548, (2003). 

[20] Kay CD, Mazza G, Holub BJ, Wang J. Anthocyanin metabolites in human urine and 

serum. Br J Nutr, 91, 933–942, (2004). 

[21] Felgines C, Texier O, Besson C, Fraisse D, Lamaison JL, Remesy C. Blackberry 

Anthocyanins Are Slightly Bioavailable in Rats. J Nutr, 132, 1249-1253, (2002). 

[22] Talavera S, Felgines C, Texier O, Besson C, Lamaison JL, Remesy C. Anthocyanins 

Are Efficiently Absorbed from the Stomach in Anesthetized Rats. J Nutr, 133, 4178-

4182, (2003). 

[23] Cao G, Muccitelli HU, Sánchez-Moreno C, Prior RL. Anthocyanins are absorbed in 

glycated forms in elderly women: a pharmacokinetic study. Am J Clin Nutr, 73, 920-

926, (2001). 

[24] McGhie TK, Walton MC. The bioavailability and absorption of anthocyanins: Towards 

a better understanding. Mol Nutr Food Res, 51, 702-713, (2007). 

[25] Fossen T, Cabrita L, Andersen OE. Colour and stability of pure anthocyanins 

influenced by pH including the alkaline region. Food Chem, 63, 435-440, (1998). 

[26] Cabrita L, Fossen T, Andersen OE. Colour and stability of the six common 

anthocyanidin 3-glucosides in aqueous solutions. Food Chem, 68, 101-107, (2000). 

[27] Sarni P, Fulcrand H, Souillol V, Souquet JM, Cheynier V. Mechanisms of Anthocyanin 

Degradation in Grape Must-Like Model Solutions. J Sci Food Agric, 69, 385-391, 

(1995). 

[28] Brouillard R. Chemical structure of anthocyanins. In: Anthocyanins as Food Colors. 

Pericles Markakis (ed.), Academic Press Inc, New York, 1-38, (1982). 

[29] Garcia-Viguera C, Zafrilla B, Artes F, Romero F, Abellan P, Tomas-Barberan F. Color 

and anthocyanin stability of red rasperrry Jam. J Sci Food Agric, 78, 565-573, (1998). 

[30] Torskangerpoll K, Andersen OM. Colour stability of anthocyanins in aqueous solutions 

at various pH values. Food Chem, 89, 427-440, (2005). 

[31] Wrolstad RE, Dursta RW, Leeb J. Tracking color and pigment changes in anthocyanin 

products. Trends Food Sci Technol, 16, 423-428, (2005). 

[32] Gonnet JF. Colour effects of co-pigmentation of anthocyanins revisited-1. A 

calorimetric definition using the CIELAB scale. Food Chem, 63, 409-415, (1998). 

[33] Gonnet JF. Colour effects of co-pigmentation revisited—2. A colorimetric look at the 

solutions of cyanin co-pigmented by rutin using the CIELAB scale. Food Chem, 66, 

387-394, (1999). 

[34] Gonnet JF. Colour effects of co-pigmentation of anthocyanin revisited—3. A further 

description using CIELAB differences and assessment of matched colours using the 

CMC model. Food Chem, 75, 473-485, (2001). 

[35] Wallace TC, Giusti MM. Determination of Color, Pigment, and Phenolic Stability in 

Yogurt Systems Colored with Nonacylated Anthocyanins from Berberis boliviana L. as 

Compared to Other Natural/Synthetic Colorants. J Food Sci, 73, C241-C248, (2008). 



Thomas Eidenberger, Manuel Selg and Sigrid Fuer 

 

280 

[36] Prior RL, Lazarus SA, Cao G, Muccitelli H, Hammerstone JF. Identification of 

procyanidins and anthocyanins in blueberries and cranberries (Vaccinium spp.) using 

high-performance liquid chromatography/mass spectrometry. J Agric Food Chem, 49, 

1270-1276, (2001). 

[37] Santos-Buelga C, Bravo-Haro S, Rivas-Gonzalo JC. Interactions between catechin and 

malvidin-3-monoglucoside in model solutions. Z Lebensm Unters Forsch, 201, 269-

274, (1995). 

[38] Castañeda-Ovando A, Pacheco-Hernández M, Páez-Hernández E, Rodríguez JA, 

Galán-Vida CA. Chemical studies of anthocyanins: A review. Food Chem, 113, 859-

871, (2009). 

[39] Elhabiri M, Figueiredo P, Toki K, Saito N, Brouillard R. Anthocyanin–aluminium and 

–gallium complexes in aqueous solution. J Chem Soc, Perkin Trans, 2, 355-362, 

(1997). 

[40] Yoshida K, Mori M, Kondo T. Blue flower color development by anthocyanins: from 

chemical structure to cell physiology. Nat Prod Rep, 26, 884-915, (2009). 

[41] Takeda K, Osakabe A, Saito S, Furuyama D, Tomita A, Kojima Y, Yamadera M, 

Sakuta M. Components of protocyanin, a blue pigment from the blue flowers of 

Centaurea cyanus. Phytochem, 66, 1607-1613, (2005). 

[42] Kondo T, Uedat M, Isobe M Gotoi T. A New Molecular Mechanism of Blue Color 

Development with Protocyanin, a Supramolecular Pigment from Cornflower, 

Centaurea cyanus. Tetrahedron Letters, 39, 8307-8310, (1998). 

[43] Asen S, Stewart RN, Norris KH. Copigmentation of anthocyanins in plant tissues and 

its effect on color. Phytochem, 11, 1139-1144, (1972). 

[44] Malien-Aubert C, Dangles O, Amiot MJ. Color Stability of Commercial Anthocyanin-

Based Extracts in Relation to the Phenolic Composition. Protective Effects by Intra- 

and Intermolecular Copigmentation. J Agric Food Chem, 49, 170-176, (2001). 

[45] Willstatter R, Zollinger EH. Anthocyans. XVI. Anthocyans of the grape and of the 

bilberry. II. J Chem Soc, Abs, 112, 47-48, (1916). 

[46] Boulton R. The Copigmentation of Anthocyanins and Its Role in the Color of Red 

Wine: A Critical Review. Am J Enol Vitic, 52, 67-87, (2001). 

[47] Mazzaracchio P, Pifferi P, Kindt M, Munyaneza A, Barbirol G. Interactions between 

anthocyanins and organic food molecules in model systems. Int J Food Sci Technol, 

39, 53-59, (2004). 

[48] Teraharaa N, Konczak-Islam I, Nakatani M, Yamakawa O, Goda Y, Honda T 

Anthocyanins in callus induced from purple storage root of Ipomoea batatas L. 

Phytochem, 54, 919-922, (2000). 

[49] Degenhardt A, Knapp H, Winterhalter P. Separation and purification of anthocyanins 

by high-speed countercurrent chromatography and screening for antioxidant activity. J 

Agric Food Chem, 48, 338-343, (2000). 

[50] Fossen T, Rayyan , Andersen OM. Dimeric anthocyanins from strawberry (Fragaria 

ananassa) consisting of pelargonidin 3-glucoside covalently linked to four flavan-3-ols. 

Phytochem, 65, 1421-1428, (2004) 

[51] Andersen, OM. Semipreparative isolation and structure determination of pelargonidin 

3-O-a-l-rhamnopyranosyl-(1!2)-b-dglucopyranoside and other anthocyanins from the 

tree Dacrycarpus dacrydioides. Acta Chem Scand, 42,462-468, (1988). 



Comparative Human In Vitro and In Vivo Bioavailability Investigation ... 

 

281 

[52] Weiguang Y, Akoh CC, Fischer J, Krewer G. Absorption of Anthocyanins from 

Blueberry Extracts by Caco-2 Human Intestinal Cell Monolayers. J Agric Food Chem, 

54, 5651-5658, (2006). 

[53] Delie F, Rubas W. A human colonic cell line sharing similarities with enterocytes as a 

model to examine oral absorption: Advantages and limitations of the caco-2 model, 

Crit Rev Ther Drug Carrier Syst, 14, 221-286, (1997). 

[54] Yamashita S, Tanaka Y, Endoh Y, Taki Y, Sakane T, Nadai T, Sezaki H. Analysis of 

Drug Permeation Across Caco-2 Monolayer: Implication for Prediction of In Vivo 

Drug Absorption, Pharmacol Res, 14, 486-491, (1997). 

[55] Cooke DN, Thomasset S, Boocock DJ, et al. Development of Analyses by High-

Performance Liquid Chromatography and Liquid Chromatography/Tandem Mass 

Spectrometry of Bilberry (Vaccinium myrtillus) Anthocyanins in Human Plasma and 

Urine. J Agric Food Chem, 54, 7009-7013, (2006). 

[56] Woodward G, Kroon P, Cassidy A, Kay C. Anthocyanin Stability and Recovery: 

Implications for the Analysis of Clinical and Experimental Samples. J Agric Food 

Chem, 57, 5271-5278, (2009). 

[57] Cao G, Prior RL. Anthocyanins Are Detected in Human Plasma after Oral 

Administration of an Elderberry Extract. Clin Chem, 45, 574-576, (1999). 

[58] Cao G, Muccitelli HU, Sánchez-Moreno C, Prior RL. Anthocyanins are absorbed in 

glycated forms in elderly women: a pharmacokinetic study. Am J Clin Nutr, 73, 920-

926, (2001). 

[59] European Medicines Agency. Note for Guidance on Good Clinical Practice 

CPMP/ICH/135/95, (2002). 

[60] World Medical Association Declaration of Helsinki. Ethical Principles for Medical 

Research Involving Human Subjects, Adopted by the 18th WMA General Assembly, 

Helsinki, Finland, June 1964, last amended at the 59th WMA General Assembly, 

Seoul, Korea, (2008). 

[61] European Medicines Agency. Note for Guidance on the Investigation of Bioavailability 

and Bioequivalence, CPMP/EWP/QWP/1401/98 Rev. 1, (2010). 

[62] Schuirmann DJ, A Comparison of the two One-sided Test procedure and the Power 

Approach for Assessing Equivalence of Average Bioavailability, J Pharmacokin 

Biopharm, 15, 657-680, (1987). 

[63] Sauter R, Steinijans VW, Diletti E, Böhm A, Schulz HU, presentation of results from 

bioequivalence studies, Int. J Clin Pharmacol Ther Toxicol,30, S7-S30, (1992). 

[64] Kähkönen MP, Hopia AI, Heinonen M. Berry Phenolics and Their Antioxidant 

Activity. J Agric Food Chem, 49, 4076-82, (2001). 

[65] Määttä-Riihinen KR, Kähkönen MP, Törrönen AR, Heinonen M. Catechins and 

Procyanidins in Berries of Vaccinium Species and Their Antioxidant Activity. J Agric 

Food Chem, 53, 8485-8491, (2005) 

[66] Riihinen K, Jaakola L, Kärenlampi S, Hohtola A. Organ-specific distribution of 

phenolic compounds in bilberry (Vaccinium myrtillus) and ‘northblue’ blueberry 

(Vaccinium corymbosum x V. angustifolium). Food Chem, 110, 156-160, (2008). 

 


