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The absorption, depolymerization and microbial catabolism of cranberry 

procyanidins were investigated in this study. 

In the first objective, procyanidins were extracted from cranberries and purified 

using chromatographic methods. Fraction I (contained predominantly A-type 

procyanidin dimer A2) and fraction II (contained primarily A-type trimers and tetramers, 

with B-type trimers, A-type pentamers, and A-type hexamers being minor components) 

were added onto the apical side of the Caco-2 cell membranes. Data indicated that 

procyanidin dimer A2 in fraction I and A-type trimers and tetramers in fraction II 

traversed Caco-2 cell monolayers with transport ratio of 0.6%, 0.4%, and 0.2%, 

respectively.  

In the second objective, cranberry procyanidin polymers were depolymerized 

with or without added epicatechin and yielded 644 µg and 202 µg oligomers (monomer 

through tetramers) per mg partially purified polymers (PP), respectively. Oligomers 

yielded from both methods transported through Caco-2 cell monolayer albeit absorption 

rates were low. With the aid of response surface methodology, the optimum 

depolymerization conditions were determined to be 60 oC, 0.1 M HCl in methanol and 3 
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h without added epicatechin. The predicted maximum yield was 364 µg oligomers per 

mg partially purified cranberry procyanidins. The optimum depolymerization condition 

with added epicatechin shared the same temperature, acid concentration and reaction 

time in addition to an epicatechin/PP mass ratio of 2.19. Its predicted maxima oligomer 

yield was 1089 μg/mg.  

In the third objective, (-)-epicatechin, (+)-catechin, procyanidin B2, procyanidin 

A2, partially purified apple procyanidins, and partially purified cranberry procyanidins 

were fermented with human gut microbiota anaerobically at a concentration equivalent 

to 0.5 mM epicatechin. Common metabolites of the six substrates were benzoic acid, 

phenylacetic acid, 2-(3’-hydroxypenyl)acetic acid, 2-(4’-hydroxyphenyl)acetic acid, 

phenylpropionic acid, 3-(3’-hydroxyphenyl)propionic acid and hydroxyphenylvaleric acid. 

5-(3’,4’-Dihydroxyphenyl)valerolactone, 5-(3’-hydroxyphenyl)valerolactone compounds 

were identified as microbial metabolites of epicatechin, catechin, procyanidin B2, and 

apple procyanidins but not from the procyanidin A2 or cranberry procyanidin ferments. 

2-(3’,4’-Dihydroxyphenyl)acetic acid was found in the fermented broth of procyanidin 

B2, A2, apple and cranberry procyanidins but not in epicatechin or catechin metabolites. 

The mass recoveries of microbial metabolites range from 20% to 57% for the six 

substrates after 24 h of fermentation.  
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CHAPTER 1 
A REVIEW: ABSORPTION AND METABOLISM OF PROCYANIDINS  

Cranberries and Procyanidins 

Cranberry, known scientifically as Vaccinium macrocarpon Ait., is a native fruit in 

North America. Approximately 8 x 108 lb of cranberries are harvested in the United 

States per year. The major areas of cranberry production include Wisconsin, 

Massachusetts, New Jersey, Oregon and Washington. Wisconsin is the leading 

producer, which accounts for over half of U.S. production. Massachusetts is the second 

largest U.S. producer. Fresh cranberries have a bitter and tart taste. They are too tangy 

to be eaten plain and raw. Only a small portion of the production is sold fresh to 

consumers. The majority of them (>96%) are processed into juices, dried cranberry 

sauce, and sauces for consumption.  

Cranberries contain over 80% water, 10% carbohydrates and a complex mixture 

of organic acids, vitamin C, flavonoids, anthocyanins, catechin, and triterpenoids (Guay, 

2009; Raz, Chazan, & Dan, 2004). Among these compounds, procyanidins are thought 

to be the major bioactive constitutes in cranberry. Procyanidins, also known as 

condensed tannins, are oligomers or polymers of flavan-3-ols [e.g. (-)-epicatechin or (+)-

catechin] linked through interflavan bonds. B-type procyanidins are linked by C4 → C8 

and/or C4 → C6 bonds. A-type procyanidins contain an additional ether bond between 

C2 → O7. The molecular size of procyanidins is described as degree of polymerization 

(DP). Procyanidins with a degree of polymerization of 1, 2, 3 or 4 are called monomers, 

dimers, trimers, or tetramers, respectively. Procyanidins with DP 2-4 are defined as 

oligomers, DP>4 as polymers, and DP>10 as high polymers, respectively. The flavan-3-

ol units at the end of the procyanidins are terminal units. All flavan-3-ols above the 
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terminal unit are extension units. Flavan-3-ol has two aromatic rings (A & B) and a 

heterocyclic ring C. The structure of epicatechin, catechin, B-type procyanidin dimer, 

and A-type procyanidin dimer are shown in Figure 1-1. The most ubiquitous 

procyanidins in foods are the B-type procyanidins. A-type procyanidins are less 

common in nature. Over 50% of procyanidins in cranberries are A-type (Gu, Kelm, 

Hammerstone, Beecher, Cunningham, Vannozzi, et al., 2002). 

Health Benefits of Procyanidins 

Numerous studies have reported a variety of physiological activities for 

procyanidins. For example, procyanidins were more effective than resveratrol or  

ascorbic acid in scavenging free radicals (Maldonado, Rivero-Cruz, Mata, & Pedraza-

Chaverrí, 2005). A recent study suggested cranberry procyanidins may help to prevent 

lung cancer by inducing rapid cancer cell apoptosis and growth arrest (Kresty, Howell, & 

Baird, 2011). Cranberry procyanidins may also serve as a chemoprevention agent 

against esophageal cancer by inducing apoptosis and inhibiting proliferation (Kresty, 

Howell, & Baird, 2008). Procyanidins from peanut skin decreased the production of 

inflammatory cytokines, tumor necrosis factor-α, and interleukin-6 in cultured human 

monocytic THP-1 cells in response to lipopolysaccharide (Tatsuno, Jinno, Arima, 

Kawabata, Hasegawa, Yahagi, et al., 2011). Administering grape seed procyanidins 

reduced lung inflammation and decreased IL-4, IL-5, and IL-13 expression in a mouse 

model of acute or chronic asthma (Lee, Kwon, Bang, Lee, Park, Moon, et al., 2012). 

Procyanidins from cocoa were found to inhibit growth of human breast cancer and 

colonic cancer cells (Carnésecchi, Schneider, Lazarus, Coehlo, Gossé, & Raul, 2002; 

Ramljak, Romanczyk, Metheny-Barlow, Thompson, Knezevic, Galperin, et al., 2005). 
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Absorption of Procyanidins  

Procyanidins in a solid food matrix are not available for absorption (Saura-Calixto, 

Serrano, & Goñi, 2007). Only solubilized procyanidins in the aqueous phase are 

bioaccessible for the enterocyte surface of the small intestine. No transporters have 

been identified for procyanidins. Procyanidins are absorbed through passive diffusion. 

Procyanidins are not likely to pass the lipid bilayer via the transcellular pathway due to 

their large number of hydrophilic hydroxyl groups. Paracellular diffusion was thought to 

be a preferential absorption mechanism (Deprez, Mila, Huneau, Tome, & Scalbert, 

2001).  

The absorption and metabolism of flavan-3-ol monomers was investigated 

extensively. Both human and animal studies indicated that (+)-catechin and (-)-

epicatechin were rapidly absorbed from the upper portion of the small intestine. A 

maximum level of (+)-catechin at 76.7 nmol/L was detected in humans at 1.4 h after 

intake of 121 μmol (+)-catechin in dealcoholized red wine (Bell, Donovan, Wong, 

Waterhouse, German, Walzem, et al., 2000). A peak plasma (-)-epicatechin level of 260 

nmol/L was achieved within 2 h in humans after the consumption of 557 mg of 

procyanidins containing 137 mg of (-)-epicatechin from a procyanidin-rich chocolate 

(Rein, Lotito, Holt, Keen, Schmitz, & Fraga, 2000). Upon absorption, (epi)catechin 

undergoes extensive phase II metabolism in the intestine and liver to form 

glucuronidated, sulfated, and/or methylated conjugates. These metabolites are present 

in blood and tissues. Major conjugates of (-)-epicatechin in human plasma, bile, and 

urine were (-)-epicatechin 3′-O-sulfonate and (-)-epicatechin 3′-O-β-glucuronide after 

ingestion of 50 mg of (-)-epicatechin by volunteers (Romanov-Michailidis, Viton, 

Fumeaux, Lévèques, Actis-Goretta, Rein, et al., 2012).  
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An early study suggested that procyanidin oligomers (trimers to hexamers) were 

depolymerized into mixtures of (-)-epicatechin and dimers in simulated gastric fluid (pH 

2.0, 37 oC) (Spencer, Chaudry, Pannala, Srai, Debnam, & Rice-Evans, 2000). These 

authors also detected (-)-epicatechin as a major metabolite after ex vivo perfusion of rat 

small intestines with procyanidin dimer B2 or B5 extracted from cocoa (Spencer, 

Schroeter, Shenoy, Srai, Debnam, & Rice-Evans, 2001). A study in humans 

demonstrated that depolymerization did not occur and procyanidins were stable during 

gastric transit (Rios, Bennett, Lazarus, Rémésy, Scalbert, & Williamson, 2002). A later 

study confirmed that procyanidin dimers and trimers were highly stable under gastric 

and duodenal digestion conditions (Serra, Macià, Romero, Valls, Bladé, Arola, et al., 

2010). Oligomeric procyanidins in grape seed extract or sorghum were not 

depolymerized in the gastrointestinal tract releasing monomeric flavan-3-ols after 

ingestion by rats (Gu, House, Rooney, & Prior, 2007; Tsang, Auger, Mullen, Bornet, 

Rouanet, Crozier, et al., 2005). A recent study compared the plasma concentration of (-

)-epicatechin in human blood and urine after volunteers were given (-)-epicatechin, 

cocoa procyanidin monomers [predominantly (-)-epicatechin] through decamers, or 

cocoa procyanidins dimers through decamers. It was found that all absorbed (-)-

epicatechin in blood or urine were from ingested (-)-epicatechin. No (-)-epicatechin was 

derived from ingested oligomers and polymers (Ottaviani, Kwik-Uribe, Keen, & 

Schroeter, 2012).  

One study detected procyanidin B2 and (-)-epicatechin in rat plasma and urine 

after administration of purified B2. It was suggested that a portion of the dimer was 

degraded into (-)-epicatechin. Cleavage of the interflavan bond likely occurred in the 
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large intestine by microbiota. Catabolism of purified procyanidin B2 with human fecal 

microbiota in a static in vitro culture model caused less than 10% of dimers to be 

converted to (-)-epicatechin (Stoupi, Willamson, Drynan, Barron, & Clifford, 2010). In 

contrast, scission of the interflavan bond was not observed in vivo in rats (Gu, House, 

Rooney, & Prior, 2007; Tsang, Auger, Mullen, Bornet, Rouanet, Crozier, et al., 2005). It 

can be concluded from these studies that depolymerization of procyanidins to 

monomers is negligible in the gastrointestinal tract in vivo. 

Results from in vitro and in vivo models demonstrated that procyanidin oligomers 

with a degree of polymerization lower than 5 are absorbable. Déprez et al observed that 

(+)-catechin, procyanidin dimer and trimer had similar permeability coefficients to that of 

mannitol, a marker of paracellular transport, on human intestinal epithelial Caco-2 

monolayers. Permeability of procyanidin polymers with an average degree of 

polymerization of 6 were 10 times lower (Deprez, Mila, Huneau, Tome, & Scalbert, 

2001). A study employing in situ perfusion of rat small intestine with procyanidin B2 from 

grape seeds revealed that procyanidin B-type dimer was absorbed from the small 

intestine but the absorption rate was only 5-10% of that of (-)-epicatechin (Appeldoorn, 

Vincken, Gruppen, & Hollman, 2009). Spencer et al also demonstrated that procyanidin 

dimer B2 or B5 from cocoa transferred from the lumen of isolated rat small intestines to 

the serosal side of enterocytes but only to a very small extent (<1% of the total 

transferred flavanol-like compounds) (Spencer, Schroeter, Shenoy, Srai, Debnam, & 

Rice-Evans, 2001). Shoji et al gave apple procyanidins to rats at a dose of 1 g/kg and 

found that the concentration of (-)-epicatechin, procyanidin dimer B2, and trimer C1 in 

the plasma reached Cmax of 1.3 µM, 0.4 µM, and 0.14 µM respectively using HPLC-
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mass spectrometry. Dimer and trimer concentration peaked at 2 h after administration, 

whereas monomer concentration peaked 1 h after administration. Using a mass 

spectrometer and the Porter method, they also detected free nonconjugated procyanidin 

dimers to tetramers in rat plasma after oral administration of purified oligomers to rats at 

a dose of 1 g/kg (Shoji, Masumoto, Moriichi, Akiyama, Kanda, Ohtake, et al., 2006). 

Pentamers were detected using the Porter method only (Shoji, Masumoto, Moriichi, 

Akiyama, Kanda, Ohtake, et al., 2006), but these data should be interpreted cautiously 

because Porter method lacks the specificity and accuracy to detect procyanidins in 

blood (Gu, 2012).  

The concentration of procyanidin B1 [epicatechin-(4β→8)-catechin] in human 

serum was 10.6 nmol/L 2 h after intake of 2.0 g of grape seed extract(Sano, Yamakoshi, 

Tokutake, Tobe, Kubota, & Kikuchi, 2003). The Cmax of procyanidin dimer B2 and (-)-

epicatechin in human plasma was 41 nmol/L and 5.9 µmol/L, respectively, 2 h after 

consumption of 0.375 g cocoa/kg body weight. The plasma concentration of dimer was 

only 3% of (-)-epicatechin (Howell, Reed, Krueger, Winterbottom, Cunningham, & Leahy, 

2005). Serum concentration of (-)-epicatechin, procyanidin dimers, and trimers reached 

Cmax of 2.5 nM, 0.57 nM, and 0.10 nM, respectively, 1 h after a grape seed extract was 

gavaged to rats using 1 g/kg body weight. The absorption rate of dimers and trimers 

was calculated as 1.69% and 0.04%, respectively (Serra, Macià, Romero, Valls, Bladé, 

Arola, et al., 2010). Unlike extensive phase II metabolism on absorbed monomers, 

phase II metabolism on dimers appeared to be limited because glucuronidated or 

sulfated metabolites of dimers were not detected in biological fluids after intestinal 

perfusion in rats (Appeldoorn, Vincken, Gruppen, & Hollman, 2009). One study detected 
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methylated B-type dimer and trimer, but not glucuronide forms, in rat plasma using a 

mass spectrometer. The amount of methylated metabolites was not determined but 

appeared to be low compared with that of intact oligomers (Shoji, Masumoto, Moriichi, 

Akiyama, Kanda, Ohtake, et al., 2006). The extent of phase II metabolism of oligomers 

remained unclear in humans.  

An in situ perfusion study showed that A-type procyanidin dimer A1 [epicatechin-

(4β→8, 2β→O→7)-epicatechin] and A2 were absorbed in the small intestine of rats with 

absorption rates higher than B-type dimer. This was the first study that detected A-type 

procyanidin in blood (Appeldoorn, Vincken, Gruppen, & Hollman, 2009). A-type trimers 

or tetramers have not been detected in biological fluids.  

Food matrices markedly alter the oral absorption of procyanidins. A 

carbohydrate-rich diet significantly decreased the absorption of procyanidins in rats. 

Plasma concentration of dimers reached 0.57 nM in rats when a grape seed extract was 

gavaged (1 g/kg) without carbohydrate. It decreased to 0.12 nM when the same amount 

of extract was administered with carbohydrate (Serra, Macià, Romero, Valls, Bladé, 

Arola, et al., 2010). Serafini et al. showed that milk markedly decreased the absorption 

(-)-epicatechin from chocolate (Serafini, Bugianesi, Maiani, Valtuena, De Santis, & 

Crozier, 2003). These findings suggested that protein may negatively impact the 

absorption of procyanidins; however, additional research is needed to confirm this. 

Microbial Catabolism of Procyanidins  

After ingestion, a small amount of flavan-3-ols or procyanidins oligomers are 

absorbed in the small intestine. The majority of them reach the colon. A previous study 

detected 3-(3’-hydroxyphenyl)propionic acid in the urine of rats fed a diet with (+)-

catechin, and first suggested the formation of this metabolite could depend on the action 
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of intestinal microflora (Griffiths, 1962). Their subsequent work confirmed this by 

comparing metabolites from rats fed a (+)-catechin diet with and without added 

antibiotics (Griffiths, 1964). There is resurgence in research on the microbial 

degradation of polyphenols due to the recognition of the importance of human 

microbiota in the metabolism of procyanidins and human health in general.  

The role of gut microflora in the catabolism of procyanidins was often explored 

using a static anaerobic incubation system in which procyanidins were fermented with 

freshly collected human colonic fecal bacteria. Using this system, Déprez et al. showed 

that polymeric procyanidins from willow tree were completely degraded after 48 h of 

incubation. Major catabolites included 3-(3’-hydroxyphenyl)propionic acid, 2-(4’-

hydroxyphenyl)acetic acid, 3-(4’-hydryoxphenyl)propionic acid, and 3-phenylpropionic 

acid (Deprez, Brezillon, Rabot, Philippe, Mila, Lapierre, et al., 2000).  

Procyanidin B2 was degraded by human fecal flora twice as fast as (-)-

epicatechin. 5-(2’,4’-dihydroxy) phenyl-2-ene valeric acid and 5-(3’,4’-dihydroxyphenyl) 

valeric acid were tentatively identified after in vitro anaerobic incubation of procyanidin 

B2 with human fecal bacteria but not from (-)-epicatechin. They were likely unique 

metabolites of dimers (Stoupi, Willamson, Drynan, Barron, & Clifford, 2010). It should be 

noted that the ability of bacteria to catabolize procyanidins in the gut decreases with an 

increase of molecular size. The yield of phenolic acids in rat gut was 10% and 7% for 

monomers and dimers, whereas it decreased to 0.7% and 0.5% for trimers and 

polymers, respectively (Gonthier, Cheynier, Donovan, Manach, Morand, Mila, et al., 

2003). These results suggested that bioavailability of procyanidins decrease drastically 
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with the increase of molecular size in the form of intact procyanidins or microbial 

metabolites. 

A-type procyanidins have a rigid interflavan linkage due to an additional C2-O7 

covalent bond. This linkage is more stable than B-type procyanidins (Gu, Kelm, 

Hammerstone, Beecher, Holden, Haytowitz, et al., 2003). Their unique prevention of 

urinary tract infection makes the investigation of their microbial catabolism of great 

importance. To date, only fragmentary information is available on the microbial 

catabolism of A-type procyanidins. A recent study utilized a pig cecum model to 

investigate the metabolism of procyanidin A2 and cinnamtannin B1 (an A-type trimer). 

They found that 80% of A-type dimers and 40% of cinnamtannin B1 were degraded 

within 8 h of incubation. Procyanidin A-type trimer exhibited a more complicated pattern 

of hydroxylated catabolites than procyanidin A2, which probably resulted from the larger 

and more complex structure of trimers. Both A-type procyanidins showed C-ring 

cleavage on the terminal unit during degradation. Further metabolism led to the 

generation of hydroxy- or dihydroxy- benzoic acids, phenylacetic acids, phenylpropionic 

acids, and phloroglucinol (Engemann, Hubner, Rzeppa, & Humpf, 2012). In contrast to 

human colon microbiota, no interflavan bond scission was observed in the pig cecum 

model.  

Few studies have investigated the activity of specific bacterial species on flavan-

3-ol catabolism. Human fecal organism Eubacterium oxidoreducens was able to insert 

oxygen to form a new hydroxyl group in the A-ring, which facilitates A-ring 

opening(Stoupi, Williamson, Drynan, Barron, & Clifford, 2010).  Eggerthella lenta rK3 

has the capability of cleaving the heterocyclic C-ring of both (−)-epicatechin and (+)-
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catechin giving rise to 1-(3’,4’-dihydroxyphenyl)-3-(2’’,4’’,6’’-trihydroxyphenyl)propan-2-

ol (Kutschera, Engst, Blaut, & Braune, 2011). Flavonifractor plautii can further convert 1-

(3’,4’-dihydroxyphenyl)-3-(2’’,4’’,6’’-trihydroxyphenyl)propan-2-ol to 5-(3’,4’-

dihydroxyphenyl)-γ-valerolactone and 4-hydroxy-5-(3’,4’-dihydroxyphenyl) valeric acid 

(Kutschera, Engst, Blaut, & Braune, 2011; Winter, Popoff, Grimont, & Bokkenheuser, 

1991). Two probiotics, Streptococcus thermophilus and Lactobacillus casei-01 were 

able to metabolize A-type procyanidins from Litchi pericarp during their log phase of 

growth. Streptococcus thermophilus transformed procyanidin A2 to its isomer and 

Lactobacillus casei-01 decomposed flavan-3-ols into 2-(3’,4’-dihydroxyphenyl)acetic 

acid, 3-(4’-hydroxyphenyl)propionic acid, m-coumaric acid, and p-coumaric acid (Chen, 

Yang, Wu, Lv, Xie, & Sun, 2013). Aspergillus fumigatus was able to grow on purified B-

type procyanidins from apples. Oxygenase from this fungus modified the terminal unit of 

procyanidin B2 to form a metabolite with a lactone moiety (Contreras-Domínguez, 

Guyot, Marnet, Le Petit, Perraud-Gaime, Roussos, et al., 2006).  

In vivo studies showed that microbial derived phenylvalerolactone and phenolic 

acids were the predominant metabolites of procyanidins in blood and urine. After 

humans were given cocoa procyanidins that contained dimers to decamers, urinary 

excretion (0-7 h after dosing) of 5-(3’,4’-dihydroxyphenyl)-γ-valerolactone was 30 µmol 

in contrast to about 2 µmol for flavan-3-ol monomers (Ottaviani, Kwik-Uribe, Keen, & 

Schroeter, 2012). In humans who consumed procyanidin-rich cocoa regularly, blood 

level of (-)-epicatechin and 5-(3’, 4’-dihydroxyphenyl)-γ-valerolactone were undetectable 

and 0.48 µM, respectively (Urpi-Sarda, Monagas, Khan, Llorach, Lamuela-Raventós, 

Jáuregui, et al., 2009). Urinary excretion of p-coumaric acid, vanillic acid, 3-
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hydroxybenzoic acid, and ferulic acid increased over 2 fold in humans after 

consumption of 40 g of procyanidin-rich cocoa powder (Urpi-Sarda, Monagas, Khan, 

Lamuela-Raventos, Santos-Buelga, Sacanella, et al., 2009).  There was an increase in 

urinary excretion of 3-(3’-hydroxyphenyl)propionic acid, 2-(3’-hydroxyphenyl)acetic acid, 

vanillic acid (4-hydroxy-3-methoxybenzoic acid), and m-hydroxybenzoic acid after 

human volunteers consumed 439 mg procyanidins and 147 mg catechin monomers 

(Rios, Gonthier, Rémésy, Mila, Lapierre, Lazarus, et al., 2003). 

Major microbial metabolites of procyanidins in rat serum were 3, 4-

dihydroxybenzoic acid, vanillic acid, and 2-(4’-hydroxyphenyl)acetic acid after animals 

were given sorghum bran (Gu, House, Rooney, & Prior, 2007). About 50-80% ingested 

procyanidins were degraded in the gastrointestinal tract. Up to 11% of ingested 

procyanidins were excreted in 24 h urine in the form of phenolic acids (Gu, House, 

Rooney, & Prior, 2007). The absorption of procyanidins in the form of phenolic acids 

was likely underestimated because it was impossible to quantify all the microbial 

metabolites derived from procyanidins. A recent study using 14C labeled procyanidin B2 

showed that the absolute bioavailability of dimer was about 82% using the value of total 

urinary excretion. After an oral dose, 58% of ingested procyanidins were excreted in 24-

h urine and additional 40% of total radioactivity was excreted in feces (0-96 h after 

administration) (Stoupi, Williamson, Drynan, Barron, & Clifford, 2010). This study 

confirmed that a major portion of ingested procyanidins were degraded by gut microflora 

before absorption. 

Evidence from animal and human studies suggested that B-type procyanidins are 

absorbable and can be degraded by human gut microflora; however, information on the 
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absorption, microbial conversion and subsequent metabolites of A-type procyanidin is 

scarce. This dissertation aimed to contribute to cranberry research by pursuing the 

following objectives. 

Research Objectives 

This research has three specific objectives: 

1. To investigate the transport of A-type procyanidins on human intestinal epithelial 
Caco-2 cells as the first step to elucidate the bioavailability of A-type cranberry 
procyanidins in humans. 

2. To convert cranberry procyanidin polymers into oligomers and monomers using 
two depolymerization methods and to investigate the absorbability of the 
depolymerized procyanidins using Caco-2 cell model.  

3. To identify the microbial metabolites of partially purified cranberry procyanidins 
derived from in vitro fecal fermentation and compare them with those from (-)-
epicatechin, (+)-catechin, procyanidin B2, procyanidin A2 and partially purified 
apple procyanidins.  

  



 
 

26 
 

 
 
Figure 1-1. Structure of (-)-epicatechin, (+)-catechin, B-type procyanidin dimer B2 and 

A-type procyanidin A2  
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CHAPTER 2 
TRANSPORT OF CRANBERRY A-TYPE PROCYANIDIN DIMERS, TRIMERS, AND 

TETRAMERS ACROSS MONOLAYERS OF HUMAN INTESTINAL EPITHELIAL 
CACO-2 CELLS 

Background 

Cranberries have been shown to be effective in preventing urinary tract infections 

(Howell, Botto, Combescure, Blanc-Potard, Gausa, Matsumoto, et al., 2010; Su, Howell, 

& D'Souza, 2010), dental caries (Bonifait & Grenier, 2010; Koo, Duarte, Murata, Scott-

Anne, Gregoire, Watson, et al., 2010), cardiovascular diseases (Caton, Pothecary, 

Lees, Khan, Wood, Shoji, et al., 2010), cancers (Kresty, Howell, & Baird, 2011; Singh, 

Singh, Kim, Satyan, Nussbaum, Torres, et al., 2009), and age-related disorders (Wilson, 

Singh, Vorsa, Goettl, Kittleson, Roe, et al., 2008). These physiological functions are 

attributed in part to the procyanidins in cranberries. Procyanidins are oligomers and 

polymers that consist of (+)-catechin or (-)-epicatechin as constituent units. The most 

ubiquitous procyanidins in foods are the B-type procyanidins, in which (epi)catechin 

units are linked through the C4→C8 or C4→C6 interflavan bonds. A-type procyanidins 

are less common in nature. The (epi)catechin units in A-type procyanidins are linked by 

an additional ether bond between C2→O7. Over 50% of the procyanidins in cranberries 

are A-type (Gu, Kelm, Hammerstone, Beecher, Holden, Haytowitz, et al., 2004). A-type 

procyanidin oligomers isolated from cranberries were able to inhibit adherence of 

uropathogenic E. coli, whereas the B-type procyanidins were not (Foo, Lu, Howell, & 

Vorsa, 2000; Nowack & Schmitt, 2008). These previous studies suggest A-type 

procyanidins are the major bioactive components in cranberries. 

B-type procyanidin dimers and trimers were absorbed and present in the blood of 

human subjects (Appeldoorn, Vincken, Gruppen, & Hollman, 2009; Baba, Osakabe, 
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Natsume, & Terao, 2002; Deprez, Mila, Huneau, Tome, & Scalbert, 2001). An in situ 

intestinal perfusion experiment in anesthetized rats revealed that A-type procyanidin 

dimer A1 [epicatechin-(2-O-7, 4–8)-catechin] and A2 [epicatechin-(2-O-7, 4–8)-

epicatechin]  isolated from peanut skin were absorbed and their transport ratio were 

higher than that of dimer B2 [epicatechin-(4–8)-epicatechin] (Appeldoorn, Vincken, 

Gruppen, & Hollman, 2009). However, A-type procyanidins were not known to be 

absorbed by humans. As the first step to elucidate the bioavailability of A-type cranberry 

procyanidins in humans, human intestinal epithelial Caco-2 cells were employed to 

investigate the transport of A-type procyanidins. 

Materials and Methods 

Chemicals and Materials 

Freeze-dried cranberries were provided by Ocean Spray Cranberries, Inc 

(Lakeville-Middleboro, MA). A-type procyanidin dimer A2 (epicatechin-(2-O-7, 4-8)-

epicatechin) was purchased from Chromadex Inc. (Irvine, CA). B-type procyanidin dimer 

[epicatechin-(4-8)-epicatechin] was obtained from Indofine Chemical Company, Inc. 

(Hillsborough, NJ). A B-type procyanidin standard that contained monomers to 

decamers was kindly provided by Mars Botanicals (Rockville, MD). Amberlite FPX 66 

resin was a product from Dow Company (Midland, MI). Caco-2 cells originating from 

human colorectal carcinoma were obtained from the American Type Culture Collection 

(ATCC) (Manassas, VA). Solid-phase extraction cartridges and other reagents were 

obtained from Fisher Scientific Co. (Pittsburgh, PA).  

Purification of Cranberry Procyanidins 

Five hundred grams of spray-dried cranberry powder was extracted with 4 L of 

methanol at room temperature for 48 h. Extracts obtained after vacuum filtration were 
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combined and concentrated under a partial vacuum using a rotary evaporator. The 

concentrated extract was re-suspended in 100 mL of water and loaded onto a column 

(3.8×44 cm) packed with Amberlite FPX 66 resin. The column was eluted with 5 L de-

ionized water to remove sugars followed by 2 L of methanol to yield cranberry 

phytochemical powder (ca. 28 g). Part of this powder (27 g) was suspended in 80 mL of 

DI water and loaded onto a column (28 cm, 5.8 cm i.d.) packed with Sephadex LH-20, 

which was soaked in 30% methanol for over 4 h before use. The column was eluted 

with 30% methanol (1.6 L), 60% methanol (1.2 L), 80% methanol (1.2 L), 100% 

methanol (1.2 L) and 70% acetone (1.2 L). Every 400 mL eluent was collected as a 

fraction. The third fraction of 80% methanol eluent was referred to as fraction I (ca. 1.3 

g). The 100% methanol eluent was concentrated to yield 3 g of dry extract. It was 

suspended in 20 mL water and partitioned with 100 mL ethyl acetate three times. The 

ethyl acetate phases were combined and evaporated to yield 0.45 g of extract. This was 

referred to as fraction II. 

Cell Culture 

Caco-2 cells between passages 28-32 were used in these experiments. Cells 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with glucose (4.5 g/L), L-

glutamine, and 20% fetal bovine serum as previously described (Bose, Seetharam, 

Dahms, & Seetharam, 1997). At 80-90% confluence, cells were seeded at a level of 

1×105 cells/cm2 in 6-well transwell plates (Corning Inc. Corning, NY) and cultured in an 

incubator at 37 oC with 5% CO2. The mediums were changed every 2 days for the first 7 

days. After 8 days, the medium in apical chamber was changed every day while the 

basolateral chamber medium was changed every other day. 
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Transport Experiments 

The transport experiment was conducted when the transepithelial electrical 

resistance (TEER) of the Caco-2 cell membranes was >500 Ω cm2, typically at 17 days 

post seeding. Briefly, growth medium was removed from the transwells by aspiration, 

and the upper and lower chambers were rinsed with Hank’s Balance Salt Solution (pH 

7.2-7.4). Then a 1.5 mL and 2.6 mL Hanks’ balanced salt solution (HBSS, pH 7.2-7.4) 

were added into the apical and basolateral chambers, respectively. After 30 min of pre-

incubation, the HBSS was aspirated. Fraction I or procyanidin dimer A2 standard was 

dissolved in 1.5 mL HBSS (contained 0.5% DMSO to dissolve procyanidins) to a 

concentration of 1 mM A-type procyanidin dimer. A solution of fraction II with 0.4 mM A-

type procyanidin trimers and 0.3 mM tetramers was used to mimic the expected 

concentration of procyanidins occurring in the gut (Deprez, Mila, Huneau, Tome, & 

Scalbert, 2001). These solutions were added to the apical chambers. Meanwhile, 2.6 

mL HBSS with 0.5% DMSO was added to the basolateral chambers. Transport was 

carried out at 37 oC for 2 h as previously described (Brand, van der Wel, Rein, Barron, 

Williamson, van Bladeren, et al., 2008). At the end of uptake, 2.6 mL solutions in the 

basolateral chamber and 1.5 mL solutions in the apical chambers were collected. Each 

of the apical or basolateral chambers were washed with 1.0 mL or 2.4 mL of phosphate-

buffered saline (pH 7.4). Rinsing solutions were added into the HBSS. Transport 

experiments were carried out on 3 individual wells for each sample. Wells with a TEER 

value below 300 Ω cm2 at the end of transport were discarded to ensure the integrity of 

monolayers (Manna, Galletti, Maisto, Cucciolla, D'Angelo, & Zappia, 2000). 
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Solid-Phase Extraction 

Procyanidins were extracted from HBSS using C18 solid-phase extraction 

cartridges immediately after the transport experiments. The cartridges were washed 

with 3 mL of methanol and equilibrated with 3 mL of water. After HBSS solution from 

apical or basolateral chambers was loaded, the cartridges were washed with 3 mL of 

water. Procyanidins were recovered with 3 mL of 100% methanol. The methanol eluent 

was dried in a SpeedVac concentrator (Fisher Scientific, Pittsburgh, PA). Dried samples 

were dissolved in methanol for HPLC-MSn analyses.   

HPLC-MSn Analysis 

Chromatographic analyses were performed on an Agilent 1200 HPLC system 

(Palo Alto, CA) equipped with a binary pump, an autosampler, a fluorescence detector, 

and a HCT ion trap mass spectrometer (Bruker Daltonics, Billerica, MA). Separation of 

procyanidins was carried out on a 250 mm x 4.6 mm i.d., 5 µm, Develosil Diol 100 Å 

column, with a 4 mm x 3 mm i.d. guard column (Phenomenex, Torrance, CA) at a 

column temperature of 35 oC. The binary mobile phase consisted of (A) 

acetonitrile/acetic acid (98:2, v/v) and (B) methanol/water/acetic acid (95:3:2, v/v/v). The 

76 min gradient was as follows: 0-12 min, 7% B isocratic; 12-60 min, 7-37.6% B linear; 

60-63 min, 37.6-100% B linear, 63-70 min 100% B isocratic; 70-76 min 100-7% B linear; 

followed by 5 min of re-equilibration of the column before the next run. Excitation and 

emission of the fluorescent detector were set at 231 and 320 nm, respectively. 

Electrospray ionization at negative mode was performed using nebulizer 50 psi, drying 

gas 10 L/min, drying temperature 350 oC, and capillary 4000 V. Mass spectra were 

recorded from m/z 150 to 2000. The most abundant ion in full scan was isolated, and its 

product ion spectra were recorded. 
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Determination of Procyanidin Contents, Apparent Permeability Coefficient and 
Transport Ratio 

(-)-Epicatechin, and B-type and A-type procyanidin dimers were quantitated 

using external standards. A-type procyanidin trimers and tetramers were quantified 

using B-type procyanidins standard from Mars Botanicals (Rockville, MD). Apparent 

permeability coefficients (Papp, cm/s), transport ratio and recovery rates were calculated 

using the following equations. 

Papp= (dQ/dt)x(1/AC0) (2-1) 

where dQ/dt is the permeability rate (µg/s), C0 is the initial concentration in the donor 

chamber (µg/mL), and A is the surface area of the filter (cm2), which is 4.67 cm2 in this 

study. 

Transport ratio= (Procyanidin transported)/(Total procyanidins)×100% (2-2) 

Recovery rate= [Procyanidin (transported+remaining)]/(Total procyanidins)×100% (2-3) 

‘Procyanidin transported’ represented the amount of procyanidins on the 

basolateral side of the transwell after transport. Total procyanidins were the total 

amount of procyanidins added on the apical side of the transwell at the beginning of the 

experiment. Procyanidins (transported+remaining) were the sum of procyanidins that 

traversed across Caco-2 membranes and those that remained in the apical side after 

transport. 

Statistical Analysis 

All data were expressed as the mean ± standard deviation. One-way analyses of 

variance (ANOVA) with Tukey-Kramer HSD pair-wise comparison of the means were 

performed using JMP software (Version 9.0, SAS Institute Inc., Cary, NC). A difference 

of p ≤ 0.05 was considered to be significant. 
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Results and Discussion 

Composition of Procyanidin Fractions Purified from Cranberries  

Cranberry methanol extracts contained sugars and phytochemicals such as 

anthocyanins, flavonols and oligomeric and polymeric procyanidins (Fuleki & Francis, 

1968; Prior, Lazarus, Cao, Muccitelli, & Hammerstone, 2001; Yan, Murphy, Hammond, 

Vinson, & Neto, 2002). Amberlite resin FPX66 was used to remove sugars from the 

cranberry extracts. A Sephadex LH-20 column was employed to separate anthocyanins 

and flavanols from procyanidins. Anthocyanins and flavanols bind to Sephadex LH-20 

with lower affinity, and thus were eluted earlier. Procyanidin oligomers and polymers 

bind to Sephadex LH-20 with stronger affinities and were eluted by methanol or acetone 

(Gu, Kelm, Hammerstone, Beecher, Cunningham, Vannozzi, et al., 2002). Two fractions 

were obtained from a Sephadex LH-20 column and their HPLC chromatograms are 

illustrated in Figure 2-1. 

The chromatogram of fraction I showed a major peak (2A) at 8.2 min and a minor 

peak at 17.4-18.2 min. Peak 2A was identified as procyanidin A2 because it had the 

same retention time and mass spectra as procyanidin A2 standard. This peak showed 

[M-H]- m/z 575. Its product ion at m/z 285 was due to quinone methide (QM) cleavage 

of A-type interflavan bonds. Product ion at m/z 423 resulted from the retro-Diels-Alder 

(RDA) fission of the heterocyclic ring (Table 2-1). The minor peaks with retention time of 

17.4-18.2 min were identified as A-type procyanidin trimers according to [M-H]- m/z 863.  

The diagnostic ion at m/z 575 derived from QM cleavage of the interflavan bond 

indicated that these trimers had a connection sequence of (epi)cat-(epi)cat-A-(epi)cat. 

The (epi)cat denotes catechin or epicatechin since they could not be distinguished by 

mass spectrometer. –A– represented an A-type linkage. The A-type interflavan linkage 
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in the trimer was between the middle unit and the terminal units. A product ion of m/z 

711 was due to retro-Diels-Alder (RDA) fission. Ion m/z 287 was derived from QM 

cleavage of B-type interflavan linkage between the upper and middle units. Ion m/z 693 

was generated from RDA cleavage and a loss of water (Table 2-1). The content of 

procyanidin dimers and trimers in fraction I were 44.1% and 7.6% (w/w), respectively. 

Fraction II contained oligomers with degree of polymerization between 3 and 6. 

Peak 3A with retention time of 17.4 min showed [M-H]- m/z 863 and product ions similar 

to peak 3A in fraction I. They were deduced to be the same compound. Peak 3A' at 21.6 

min had a [M-H]- m/z 863 and similar product ion spectra to that of peak 3A. This peak 

was also an A-type trimer with connection sequence of (epi)cat-(epi)cat-A-(epi)cat. Foo 

et al. (Foo, Lu, Howell, & Vorsa, 2000) isolated two A-type procyanidin trimers from 

cranberries with this same connection sequence. They were epicatechin-(4-6)-

epicatechin-(4-8, 2-O-7)-epicatechin and epicatechin-(4-8)-epicatechin-(4-8, 2-O-7)-

epicatechin. Peak 3A and 3A' were likely these two trimers. 

Two peaks of A-type tetramers 4A (28.7 min) and 4A' (31.6 min) were identified. 

Peak 4A gave rise to product ions m/z 863 and 575 due to QM cleavage of interflavan 

linkages, indicating a connection sequence of (epi)cat-(epi)cat-(epi)cat-A-(epi)cat. This 

connection sequence was consistent with the absence of product ion m/z 573. Product 

ions m/z 861 and 573 derived from QM cleavage suggested peak 4A' had a connection 

sequence of (epi)cat-A-(epi)cat-(epi)cat-(epi)cat. Peak 5A ([M-H]- m/z 1439.2) was 

identified as an A-type pentamer. Its product ions at m/z 575, 863, 1149 and 1151 due 

to QM cleavage of interflavan bonds, and m/z 861 from QM cleavage in A-type 

interflavan bond indicated this pentamer had a structure of (epi)cat-(epi)cat-(epi)cat-A-
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(epi)cat-(epi)cat. Peak 6A (M-H]- m/z 1725.4 was identified as a hexamer with two A-

type interflavan linkages. We were not able to identify its connection sequence due to a 

large number of isomers and complexity of the mass spectra data. The content of 

procyanidin trimers, tetramers, pentamers, and hexamers in fraction II were 15.2%, 

11.7%, 7.2%, and 5.3% (w/w), respectively.  

Transport of Cranberry A-type Procyanidins on Caco-2 Cells 

Chromatogram of fraction I dissolved in HBSS is shown in Figure 2-2A. This 

solution was added into the apical side of Caco-2 cells membranes. After 2 h, the HBSS 

solution from the basolateral side of the membrane was analyzed. Its chromatogram is 

depicted in Figure 2-2B. No peak was observed in the control sample where no 

procyanidins were added (Figure 2-2C). A peak X1 with retention time 7.5 min gave rise 

to m/z [M-H]- 575 with product ion at m/z 285 and 423 (Figure 2-3). This peak was 

identified as procyanidin dimer A2. The structure of A2 and its fragmentation pathway is 

depicted in Figure 2-4.  

The HBSS solution of fraction II, with the chromatogram shown in Figure 2-5A, 

was applied on the apical side of differentiated Caco-2 cells monolayer. After 2 h, the 

HBSS solution from the basolateral side showed a chromatogram (Figure 2-5B) that 

was similar to Figure 2-5A. No peak of procyanidins existed in the control (Figure 2-5C). 

A peak (retention time 16.5 min, referred as X2) showed m/z [M-H]- 863 with product ion 

m/z [M-H]- 575 and 693 (Figure 2-6A). This peak was the same as peak 3A in fraction II.  

It was an A-type trimer with a connection sequence of (epi)cat-(epi)cat-A-(epi)cat. Peak 

X3 (retention time 28.0 min) showed m/z [M-H]- 1151 with product ion m/z [M-H]- 575 

and 693 (Figure 2-6B). This peak was the same as peak 4A in fraction II. It was an A-
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type tetramer with a connection sequence of (epi)cat-(epi)cat-(epi)cat-A-(epi)cat. 

Identifications of other procyanidins in media of the basolateral side was inconclusive. 

These results indicated that the A-type procyanidin dimers, trimers and tetramers 

can traverse through Caco-2 cells monolayer. These observations were consistent with 

the findings of Appeldoorn et al. (Appeldoorn, Vincken, Gruppen, & Hollman, 2009) who 

found procyanidin dimers A1 and A2 were absorbable from the small intestine of rats 

during an in situ perfusion. However, they did not detect A-type trimers in rat blood, 

likely due to very low concentrations of A-type trimers in their testing samples 

(Appeldoorn, Vincken, Gruppen, & Hollman, 2009). Deprez et al. also showed that B-

type procyanidin dimers, trimers, and tetramers transported through Caco-2 membranes 

(Deprez, Mila, Huneau, Tome, & Scalbert, 2001). 

The Papp values, recovery rates and transport ratios of A-type procyanidin dimers, 

trimers, and tetramers on this Caco-2 cell model are shown in Table 2-2. Recovery 

rates ranged from 93% for cranberry A-type tetramers to 104% for procyanidin A2 

standard. Generally, the transport ratios were lower than 5%. This could be explained 

by Lipinski’s “Rule of Five”, which suggests that compounds with five or more hydrogen 

bond donors, or ten or more hydrogen bond acceptors, or molecular weights greater 

than 500 Da have poor bioavailability due to their large apparent size (Lipinski, 

Lombardo, Dominy, & Feeney, 1997).  

The transport ratio of A-type procyanidin dimer in fraction I was 0.6%, which was 

significantly lower than that of pure dimer standard A2, 4.8% (p ≤ 0.05). Its permeability 

was ~ 8 times lower than that of the reported B3 trimer (Deprez, Mila, Huneau, Tome, & 

Scalbert, 2001). The HPLC chromatogram suggested the existence of other 
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phytochemicals than procyanidin A-type dimer in this fraction. Other phytochemicals in 

fraction I could possibly interfere with transport of procyanidin dimer, thus decreasing 

the amount of dimer transported. Another possible reason for the discrepancy in 

transport ratio as well as Papp values is that procyanidins with high polymerization are 

astringent and may complex the membrane proteins and strengthen intercellular tight 

junctions (Deprez, Mila, Huneau, Tome, & Scalbert, 2001) . This was confirmed by a 

lower transepithelial electrical resistance value of Caco-2 monolayers in procyanidin A2 

standard transport experiments than those for fraction I (data not shown). A-type 

procyanidin dimer demonstrated a significantly higher transport ratio than B-type dimer 

(3.0%). This was in agreement with an early  study which showed that A1 and A2 

dimers were better absorbed than dimer B2 in the rat small intestine (Appeldoorn, 

Vincken, Gruppen, & Hollman, 2009). For the procyanidin A2 standard, its concentration 

in the basolateral side of Caco-2 cell monolayer after transport was about 14 μg/mL. 

This concentration is likely enough to exert antibacterial activity because an early study 

reported inhibition of E. coli adherence by cranberry procyanidins over a concentration 

range of 5 to 75 μg/mL (Gupta, Chou, Howell, Wobbe, Grady, & Stapleton, 2007).  

The permeability for A-type trimer was almost 10 times less than that of C2 trimer 

and the A-type tetramer showed similar permeability with B-type polymer with a degree 

of polymerization of six (Deprez, Mila, Huneau, Tome, & Scalbert, 2001). The transport 

ratio of trimer and tetramer were 0.4% and 0.2% respectively, which were significantly 

lower than that of dimers in fraction I (p≤0.05). The transport ratio decreased with an 

increase in molecular weight. Similar observations have been made by other 

researchers. For example, dimers were absorbed at a much lower efficacy than 
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monomers (Appeldoorn, Vincken, Gruppen, & Hollman, 2009; Holt, Lazarus, Sullards, 

Zhu, Schramm, Hammerstone, et al., 2002). Permeability of a procyanidin polymer with 

an average polymerization degree of 6 (molecular weight 1,740) on Caco-2 monolayers 

was approximately 10 times lower than (+)-catechin (Appeldoorn, Vincken, Gruppen, & 

Hollman, 2009). However, lower permeability of epicatechin than dimer and trimer 

standard has been observed in both a previous and current study (Appeldoorn, Vincken, 

Gruppen, & Hollman, 2009). This may be due to an epicatechin specific efflux pump 

localized on the apical membrane (Vaidyanathan & Walle, 2001).  

In this study, a Papp value of 0.7x10-6 cm/s was observed for epicatechin. This 

value is similar to the 0.9x10-6 cm/s reported in a previous study (Deprez, Mila, Huneau, 

Tome, & Scalbert, 2001). The transport ratio of epicatechin (1.6%) was much lower than 

the values of 11.6% and 55.9% observed in jejunum and ileum using isolated rat small 

intestine perfusion model (Kuhnle, Spencer, Schroeter, Shenoy, Debnam, Srai, et al., 

2000). The different models employed may be the major reason for the distinct results. 

The result on permeability of B-type dimer was consistent with a previous study on 

Caco-2 cells (Deprez, Mila, Huneau, Tome, & Scalbert, 2001).  

This study showed cranberry A-type procyanidin dimers, trimers, and tetramers 

traversed across Caco-2 cell monolayers with a very low transport ratio. It suggested 

that these oligomers are absorbable in humans but their bioavailability is likely very low. 

This in part can explain the failure of detecting them in human blood.  Appeldoorn et al. 

(Appeldoorn, Vincken, Gruppen, & Hollman, 2009) reported about 0.11% of A-type 

procyanidin dimers were absorbed after in situ intestinal perfusion in anesthetized rats 

for 30 min. The transport mechanism of procyanidin oligomers was likely permeation or 



 
 

39 
 

diffusion, since no transporters have been identified that can transport epicatechin into 

intestinal epithelial cells. Absorbed epicatechin undergo extensive phase II metabolism 

in the intestine, such as methylation, glucuronidation, and sulfation (Li, Meng, Winnik, 

Lee, Lu, Sheng, et al., 2001). We did not detect any conjugates of A-type procyanidin 

dimers, trimers, or tetramers. This observation was consistent with that of Appeldoorn et 

al. who found procyanidin dimers were not conjugated or methylated in rats 

(Appeldoorn, Vincken, Gruppen, & Hollman, 2009). Another explanation could be that 

the levels of conjugates were below the detection limit of the HPLC-MSn method.     

Summary 

This study found that A-type procyanidins dimers, trimers and tetramers from 

cranberries can be absorbed across Caco-2 cells although the transport ratios were 

strikingly low. It was suggested that A-type procyanidins dimers, trimers and tetramers 

are bioavailable in humans after cranberry consumption.
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Table 2-1. Identification of A-type and B-type procyanidin oligomers in purified procyanidin fractions 
Fraction Rt (min) Peak 

label Connection sequence [M-H]- 
m/z Product ions 

I 8.2  2A epicatechin-(2-O-7, 4–8)-
epicatechin* 575 285(QM of A-type linkage), 423RDA,449HRF, 539(2 H2O 

loss) 

 16.5 3A (epi)cat-(epi)cat- A-(epi)cat 863 423RDA, 449HRF, 575QM, 693(RDA, H2O loss), 711RDA, 
845(H2O loss) 

II 16.5 3A (epi)cat-(epi)cat- A-(epi)cat 863 287QM, 575QM, 693(RDA, H2O loss), 711RDA, 845(H2O 
loss) 

 21.6 3A' (epi)cat-(epi)cat- A-(epi)cat 863 287QM, 575QM, 693(RDA, H2O loss), 711RDA 

 24.2 3B (epi)cat-(epi)cat-(epi)cat 865 575QM, 577QM, 695(RDA, H2O loss), 713RDA, 739HRF 

 28.0 4A (epi)cat-(epi)cat-(epi)cat-A-(epi)cat 1151 411HRF, 575QM, 863QM, 981(RDA, H2O loss) 

 31.6 4A' (epi)cat-A-(epi)cat-(epi)cat-(epi)cat 1151 573QM, 691(RDA, H2O loss), 861QM, 981(RDA, H2O loss) 

 36.0 5A (epi)cat-(epi)cat-(epi)cat-A-(epi)cat-
(epi)cat 1439 575QM, 693(RDA, H2O loss), 861QM, 863QM, 1149QM, 

1151QM 

 39.8 6A ND 1725 573QM, 691(RDA, H2O loss), 711RDA, 861QM, 1151QM, 
1435QM 

 
Symbol (epi)cat stands for catechin or epicatechin. RDA, retro-Diels-Alder cleavage; HRF, heterocyclic ring fission; QM, quinone methide 
cleavage.  -A- denotes A-type interflavan linkage.  * identified by comparing with standard. ND, unable to be determined.
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Table 2-2. Transport ratio of A-type procyanidin oligomers on Caco-2 cells 
 

 

Sample added to 
apical side before 

transport (µg) 

Basolateral side 
after transport (µg) 

Apical side after 
transport (µg) 

Pappx10-

6(cm/s) 
Transport ratio 

(%) 
Recovery rate 

(%) 

A-type dimer  in fraction 
I  

624.97±12.75 3.66±0.03 615.44±16.21 0.26±0.01 A 0.6±0.0 A 99.1±0.6 

A-type trimer in fraction 
II 

476.32±20.17 1.75±0.24 476.96±1.31 0.16±0.03 B 0.4±0.1 B 100.5±0.3 

A-type tetramer in 
fraction II 

529.96±34.59 1.23±0.039 493.31±14.52 0.11±0.01 C 0.2±0.0 C 93.3±2.7 

(-)-Epicatechin 383.80±1.11 5.98±0.06 375.33±1.54 0.70±0.01 c 1.6±0.0 c 99.4±0.1 

Procyanidin A2 744.06±25.63 35.43±0.22 736.06±30.23 2.11±0.05 a 4.8±0.1 a 103.7±7.6 

Procyanidin B2  946.29±2.84 28.17±0.94 905.82±19.36 1.33±0.04 b 3.0±0.1 b 98.7±1.9 

Data were expressed as the mean ± standard deviation (n=3). Different letters in the same column indicate significant differences in means at 
p≤0.05. Values with the same case were compared to each other. 
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Figure 2-1. HPLC chromatogram of procyanidins in fraction I and fraction II. Peak 2A, 
3A, 4A, 5A, and 6A were A -type dimers, trimers, tetramers, pentamers, and 
hexamers, respectively. Peak 3B was B-type trimers. 
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Figure 2-2. HPLC chromatogram of solutions from transport experiments. A) HPLC 
chromatogram of fraction I in apical side at the beginning of transport 
experiment, peak 2A was A -type dimer; B) HPLC chromatogram of HBSS 
from basolateral sides of Caco-2 monolayer after 2 h, and C) chromatogram 
of control solution in the basolateral side. Peak X1 was detected in the HBSS 
solution from basolateral side. 
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Figure 2-3. Product ion spectrum of peak X1  
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Figure 2-4. Postulated fragmentation pathway of procyanidin A2. RDA, retro-Diels-Alder 
cleavage; HRF, heterocyclic ring fission; QM, quinone methide cleavage. 
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Figure 2-5. HPLC chromatogram of solutions from transport experiments. A) HPLC 

chromatogram of fraction II in apical side at the beginning of transport 
experiment, Peak 3A and 4A were A-type trimers and tetramers, B) HPLC 
chromatogram of HBSS from basolateral sides of Caco-2 monolayer after 2 h, 
and C) chromatogram of control solution in the basolateral side. Peak X2 and 
X3 were detected in the HBSS solution from basolateral side.    
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Figure 2-6. Product ion spectrum of detected peaks. A) peak X2 and B) product ion 

peak X3.
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CHAPTER 3 
DEPOLYMERIZATION OPITIMIZATION OF CRANBERRY PROCYANIDINS AND 

TRANSPORT OF RESULTANT OLIGOMERS ON MONOLAYERS OF HUMAN 
INTESTINAL EPITHELIAL CACO-2 CELLS 

Background 

Procyanidins in cranberries consist of oligomers and polymers of different sizes 

(Gu, Kelm, Hammerstone, Beecher, Holden, Haytowitz, et al., 2003). Oligomers refer to 

procyanidin monomers through tetramers. Polymers include pentamers and above. A-

type oligomeric procyanidins from cranberries were known to inhibit the adherence of 

uropathogenic E. coli whereas B-type were not (Foo, Lu, Howell, & Vorsa, 2000; Shoji, 

Masumoto, Moriichi, Kobori, Kanda, Shinmoto, et al., 2005; Sugiyama, Akazome, Shoji, 

Yamaguchi, Yasue, Kanda, et al., 2007). This study and reports from other researchers 

show that procyanidins dimers through tetramers were absorbable in vitro (Zumdick, 

Deters, & Hensel, 2012) and in vivo (Baba, Osakabe, Natsume, & Terao, 2002; Stoupi, 

Williamson, Viton, Barron, King, Brown, et al., 2010), whereas larger procyanidins are 

not absorbable. In cranberry, however, these absorbable oligomers only account for 

15% of total procyanidins, while the rest are polymers (Gu, Kelm, Hammerstone, 

Beecher, Cunningham, Vannozzi, et al., 2002). Such composition limits both the 

bioavailability and bioactivities of procyanidins in cranberries. 

Several methods were explored to convert polymers into absorbable oligomers 

and monomers. Extrusion of sorghum increased the levels of procyanidin oligomers with 

degree of polymerization (DP) ≤ 4 while decreasing the amount of polymers with DP≥ 6 

(Gu, House, Rooney, & Prior, 2008). Extrusion also increased procyanidin monomer 

and dimers in blueberry pomace (Khanal, Howard, Brownmiller, & Prior, 2009). The 

improvement of procyanidin bioavailability through extrusion was verified in weanling 
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pigs (Gu, House, Rooney, & Prior, 2008). A recent study applied flavan-3-ols as chain 

breakers to depolymerize procyanidins under a mild condition (Liu, Zou, Gao, & Gu, 

2013). In this method, H+ catalyzes the cleavage of the interflavan bonds to form 

carbocation at C4. A nucleophilic addition between carbocations and added flavan-3-ols 

resulted in the generation of new oligomers. The chemical structure of newly generated 

oligomer after depolymerization was similar to that of naturally occurred procyanidins. 

However, it was not known if these oligomers were absorbable. Because bioactivities of 

procyanidins largely depend on their bioavailability, it is important to investigate their 

absorption. Therefore, the objective of this study is to investigate the transport of 

depolymerized cranberry procyanidins on Caco-2 cell monolayers. If they can be 

absorbed, the depolymerization process will be optimized using response surface 

methodology. 

Materials and Methods 

Chemicals and Materials 

Freeze-dried cranberries were provided by Ocean Spray Cranberries, Inc 

(Lakeville-Middleboro, MA). (-)-Epicatechin and Sephadex LH-20 were purchased from 

Sigma Chemical Co. (St. Louis, MO). Amberlite FPX 66 resin was a product from Dow 

Company (Midland, Michigan). Caco-2 cells originating from human colorectal 

carcinoma were obtained from the American Type Culture Collection (Manassas, VA). 

Other reagents were obtained from Fisher Scientific Co. (Pittsburgh, PA).  

Preparation of Partially Purified Procyanidin Polymers (PP) 

Five hundred grams of dried cranberry powder was extracted in 4 L of methanol 

at room temperature for 48 h. Extracts obtained after vacuum filtration were combined 

and concentrated under partial vacuum using a rotary evaporator. The concentrated 
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extract was re-suspended in 100 mL of water and loaded onto a column (3.8×44 cm) 

packed with Amberlite FPX 66 resin. The column was eluted with 5 L de-ionized water 

to remove sugars followed by 2 L of methanol to yield cranberry phytochemical powder 

(about 28 g). Part of this powder (27 g) was suspended in 80 mL of 30% methanol and 

loaded onto a column (28 cm, 5.8 cm i.d.) packed with Sephadex LH-20, which was 

soaked in 30% methanol over 4 h before use. The column was eluted with 30% 

methanol (1.6 L), 60% methanol (1.2 L), 80% methanol (1.2 L), 100% methanol (1.2 L) 

and 70% acetone (1.2 L). Every 400 mL eluent was collected as a fraction. The second 

fraction of 70% acetone elution was dried and stored for depolymerization experiments. 

The profile of procyanidins in this extract was analyzed using HPLC-MS. 

Depolymerization of Cranberry Procyanidins 

Depolymerization was carried out with or without added epicatechin. In 

experiments without added epicatechin, cranberry procyanidin extract was dissolved in 

methanol to have a stock solution with a concentration of 10 mg/mL. The stock solution 

was then mixed with an equal volume of 2 M methanolic HCl. In the depolymerization 

with added epicatechin, procyanidin extract and (-)-epicatechin were dissolved in 

methanol to achieve a concentration of 20 mg/mL, respectively. Afterwards, equal 

volume of extract and (-)-epicatechin was mixed with 2 volumes of 2 M methanolic HCl. 

The final concentration of cranberry procyanidin extract was 5 mg/mL. Depolymerization 

was carried out in a 60 oC water bath for 60 min for both methods. The reaction was 

stopped by adjusting the pH of mixture to 5 with 1 M NaHCO3. The solutions were dried 

in a SpeedVac concentrator at 45 oC. The dried sample was dissolved in water and 

partitioned with ethyl acetate 3 times. The ethyl acetate fraction was collected and dried 

in a SpeedVac concentrator. 
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HPLC-ESI-MSn Analysis of Procyanidins 

Chromatographic analyses were performed on an Agilent 1200 HPLC system 

(Palo Alto, CA) equipped with a binary pump, an autosampler, a fluorescence detector, 

and a high capacity (HCT) ion trap mass spectrometer (Bruker Daltonics, Billerica, MA). 

Separation was carried out on a Luna Silica (2) column (250 × 4.6 mm, 5 μm particle 

size, Phenomenex, Torrance, CA) at a column temperature of 37 oC. The binary mobile 

phase consisted of (A) methylene chloride/methanol/acetic acid/water (82:14:2:2, 

v/v/v/v) and (B) methanol/acetic acid/ water (96:2:2, v/v/v). The 70 min gradient was as 

follows: 0−20 min, 0.0−11.7% B linear; 20−50 min, 11.7−25.6% B linear; 50−55 min, 

25.6−87.8% B linear; 55−65 min, 87.8% B isocratic; 65−70 min, 87.8−0.0% B linear; 

followed by 5 min of column re-equilibration before the next injection. Excitation and 

emission of the fluorescent detector were set at 231 and 320 nm, respectively (Robbins, 

Leonczak, Johnson, Li, Kwik-Uribe, Prior, et al., 2009). Electrospray ionization at 

negative mode was performed using nebulizer 50 psi, drying gas 10 L/min, and drying 

temperature 350 oC, capillary 4000 V. Mass spectra were recorded in a range of m/z 

150 to 2200. The most abundant ion in full scan was isolated, and its production ion 

spectra were recorded. A calibration curve was generated using (-)-epicatechin 

standard. Procyanidins were estimated using relative response factors calculated 

according to Robbins et al. (Robbins, Leonczak, Li, Johnson, Collins, Kwik-Uribe, et al., 

2012). The relative response factor of nonamers was employed to estimate the amount 

of polymers. The yield of depolymerization was defined as the amount of oligomers 

produced per mg of partially purified polymers. 
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Transport Experiments 

Transport experiment was carried out following the procedures described in 

Chapter 2. The concentration of depolymerized samples in Hank’s Balanced Salt 

Solution (0.5% DMSO) was equivalent to 2 mM epicatechin.  

Optimization of Depolymerization Conditions 

A central-composite experimental design was utilized to study the response 

pattern and determine optimum conditions. In depolymerization without added 

epicatechin, variables included time (from 20 to 180 min), temperature (from 25 to 60 

oC), and acid concentration (from 0.1-2 M HCl in methanol). While in the method with 

added epicatechin, an additional factor of epicatechin/polymer ratio (w/w) (from 0 to 3) 

was taken into consideration. A total of 20 experiments for depolymerization without 

added epicatechin and 30 for depolymerization with added epicatechin were conducted 

according to the design. Duplicates were performed for each run. Six replicates at the 

center of the design were used to allow the pure error square sum estimation. The 

condition at center point was 100 min, 42.5 oC, 1.05 M HCl in methanol for 

depolymerization without added epicatechin. The center point for depolymerization with 

added epicatechin had the same time, temperature, HCl concentration while the 

epicatechin/polymer ratio was 1.5. Experiments were randomized to maximize the 

effects of unexplained variability in the responses obtained due to external factors.  

Experimental data was analyzed using JMP software (Version 10.0, SAS Institute 

Inc., Cary, NC). Quadratic polynomial regression models were proposed to predict the Y 

variable-yield of oligomers. The model proposed for the response of Y fitted equation 

was as follows: 

Y1=b0+b1X1+b2X2+b3X3+b11X1
2+b22X2

2+b33X3
2+b12X1X2+b13X1X3+b23X2X3+ε (3-1) 



 
 

53 
 

Y2=b0+b1X1+b2X2+b3X3+b11X1
2+b22X2

2+b33X3
2+ 

b44X4
2+b12X1X2+b13X1X3+b14X1X4+b23X2X3+b24X2X4+b34X3X4+ε (3-2) 

where Y1 and Y2 are the response (yield of oligomers) for depolymerization 

without and with added epicatechin, respectively. The coefficients of the polynomial 

were represented by b0 (constant term); b1, b2, b3 and b4 (linear effects); b11, b22, b33, 

and b44 (quadratic effects); and b12, b13, b14, b23, b24, and b34 (interaction effects) and ε 

(random error). The fitted polynomial equations were expressed in 3D response 

surfaces. The proportion of variance explained by the polynomial models obtained was 

given by the multiple coefficients (R2) of determination. The significance of each 

coefficient was also determined. JMP software was used to fit response surface, to 

optimize depolymerization process. The predicted optimum yield of oligomers was 

verified by the experiments using the selected optimum values of the variables.  

Statistical Analysis 

All data were expressed as the mean ± standard deviation. One-way analyses of 

variance (ANOVA) with Tukey-Kramer HSD pair-wise comparison of means were 

performed using JMP software (Version 10.0, SAS Institute Inc., Cary, NC). A difference 

of p ≤ 0.05 was considered significant. 

Results and Discussion 

HPLC-MSn Analysis of Procyanidins Before and After Depolymerization  

In the present study, procyanidin polymers were defined as those with degree of 

polymerization ≥ 5. Polymers account for over 85% of the total procyanidins in 

cranberries (Gu, Kelm, Hammerstone, Beecher, Cunningham, Vannozzi, et al., 2002). 

Sugars in cranberry extracts were removed using Amberlite resin FPX66. Sephadex 

LH-20 was used as an adsorbent for purification of procyanidin polymers. The 
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adsorption affinity between Sephadex LH-20 and procyanidins increases with molecular 

sizes (Gu, Kelm, Hammerstone, Beecher, Cunningham, Vannozzi, et al., 2002). The 

HPLC chromatogram of partially purified procyanidin polymers before depolymerization 

was shown in Figure 3-1A. Polymers with DP 5-10 eluted from 32 min to 52 min and 

those with DP > 10 elute as a single peak at 56 min. Insignificant amount of oligomers 

were also detected from 15 to 20 min. This result was in agreement with a previous 

study (Gu, 2012). The content of procyanidin polymers (5<DP<10) in partially purified 

polymer extract was estimated to be 9.7% (w/w), and those with DP >10 accounted for 

83.3%.  

During depolymerization reactions, procyanidins were cleaved by HCl into 

carbocation unit (from extension units) and the flavan-3-ol unit (from terminal units). B-

type interflavan bonds cleave under mild acidic conditions, whereas A-type interflavan 

bonds remained stable (Thompson, Jacques, Haslam, & Tanner, 1972). When 

epicatechin was added as a nucleophile, it added on to carbocation to form new 

oligomers. Without added epicatechin, new oligomers were those flavan-3-ols released 

from terminal units. The HPLC chromatograms of the depolymerized samples are 

shown in Figure 3-1B & 3-1C. For both methods, the large peak of procyanidin polymers 

with DP>10 disappeared while new peaks appeared at retention times from 10 to 30 

min. The peak eluting at 10.6 min gave rise to m/z 289 [M-H]- and it was consistent with 

epicatechin and/or catechin, which cannot be separated using a normal phase HPLC.  

Peak 15.7 min showed m/z 575 [M-H]-. It was identified as procyanidin A-type dimer as 

it generated m/z 423 due to retro-Diels-Alder fission of the heterocyclic ring and m/z 285 

from quinone methide cleavage of the A-type linkage. The peak with retention time of 
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18.2 min gave m/z 577 [m-H]- and was identified as B-type dimer according to its 

product ions of 425, 475 and 287. Other peaks were identified as A-type trimers at 23.1 

min, B-type trimers at 24.1 min and A-type tetramers at 27.9 min, respectively.  

After depolymerization without added epicatechin (Figure 1B), the peak of A-type 

dimer was higher than that of B-type dimer. The quantitation data showed that the yield 

of A-type dimer was 68.2 µg oligomers per mg PP, which was about 4.5 fold of B-type 

dimer (14.9 µg oligomers per mg PP). After depolymerization with added epicatechin, 

the yield of A-type dimer (139.2 µg oligomers per mg PP) was lower than that of B-type 

dimer (218.96 µg oligomers per mg PP). The yield of total oligomers from 

depolymerization with added epicatechin was 643.9 µg oligomers per mg PP, which 

was much higher than without added epicatechin (201.8 µg oligomers per mg PP). 

There were two possible explanations for this observation. The A-type linkage remains 

stable during depolymerization (Gu, Kelm, Hammerstone, Beecher, Holden, Haytowitz, 

et al., 2003). A previous study reported that 46.1% of the terminal units in the polymeric 

procyanidins in cranberry were A-type dimers (Gu, Kelm, Hammerstone, Beecher, 

Cunningham, Vannozzi, et al., 2002). In the absence of added epicatechin, the A-type 

terminal units were released as A-type procyanidin oligomers. The carbocation from 

extension units undergo structural rearrangement to form anthocyanidins. Therefore 

more A-type oligomers were yielded than B-type during depolymerization without added 

epicatechin. When epicatechin was added as a nucleophile, it reacted with the 

carbocations to form procyanidin oligomers. Because extension units are linked mostly 

by B-type bonds, most extension units were turned into B-type oligomers. This 

explained the higher yield of B-type procyanidins than A-type during depolymerization 
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with added epicatechin. The depolymerization without added epicatechin appears to be 

a good way to produce A-type oligomers. This approach is desirable if a higher 

percentage of A-type oligomers are needed in the final product for the prevention of 

urinary tract infection. Depolymerization with added epicatechin had a higher 

depolymerization efficiency and yield. This method is desirable when the total yield is 

the priority.  

Transport of Depolymerized Cranberry Procyanidins on Caco-2 Cell Monolayers  

After depolymerization, oligomers obtained from depolymerization with or without 

added epicatechin were dissolved in HBSS and added into the apical side of Caco-2 

cell monolayers (Figure 3-2A & 3-3A). After 2 h, the HBSS solution from the basolateral 

side of transwells was analyzed. Its chromatogram is depicted in Figure 3-2B & 3-3B.  

No peak was observed in the control sample where no procyanidins were added (Figure 

3-2C & 3-3C). The peak with retention time of 10.5 min gave rise to m/z [M-H]- 289 and 

was identified as epicatechin or catechin. Peak 15.5 min showed m/z 575 [M-H]- and 

was fragmented into similar product ions of 423 and 285. This peak was identified as an 

A-type dimer. Other peaks were identified as B-type dimer (18.4 min) and A-type trimer 

(23 min). These results indicated that the oligomers (DP<4) from depolymerization can 

transport through Caco-2 cell monolayers. The natural procyanidin in cranberry consists 

exclusively of epicatechin as the extension units. Only less than 10% catechin was 

found in the terminal units (Gu, Kelm, Hammerstone, Beecher, Cunningham, Vannozzi, 

et al., 2002). Therefore, we chose epicatechin instead of catechin as the nucleophile in 

this study, so that newly generated oligomers may have similar structures to natural 

procyanidins.  
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The recovery rate and transport ratio were calculated in Table 3-1. The recovery 

rates ranged from 93% to 104%. The transport ratio varied from 0.9% for A-type dimer 

and 1.7% for A-type trimer from depolymerization without added epicatechin. These 

values were comparable with the results in Chapter 2. Low absorption of procyanidins 

were also reported by Zumdick et al. using Caco-2 cell model (Zumdick, Deters, & 

Hensel, 2012), Appeldoorn et al. using in situ perfusion (Appeldoorn, Vincken, Gruppen, 

& Hollman, 2009) and Shoji et al. using rats (Shoji, Masumoto, Moriichi, Akiyama, 

Kanda, Ohtake, et al., 2006). Factors that contribute to the low transport ratio included: 

1) high molecular weight (Lipinski, Lombardo, Dominy, & Feeney, 2001; Shoji, 

Masumoto, Moriichi, Akiyama, Kanda, Ohtake, et al., 2006); 2) the formation of 

complexes with proteins (Deprez, Mila, Huneau, Tome, & Scalbert, 2001); and 3) efflux 

systems may pump out the polyphenols internalized into cells (Zumdick, Deters, & 

Hensel, 2012). No significant difference was observed in the transport ratio of oligomers 

from different depolymerized sample (p>0.5). This suggested that structures of the 

oligomers from the two different depolymerization methods were similar. This was in 

agreement with mass spectra data.  

Optimization of Depolymerization 

Central composite design in response surface methodology was applied to study 

three independent variables (time, temperature, and acid concentration) for 

depolymerization without added epicatechin and the four independent variables (time, 

temperature, acid concentration and epicatechin/PP ratio) for depolymerization with 

added epicatechin. ANOVA analysis was performed to check the adequacy of the 

suggested models and identify the significant factors. A second-order polynomial model 

was obtained for the two depolymerization methods, respectively. 
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Y1= 140.55+32.34X1+75.27X2-20.82X3+30.59X1X2-13.56X1X3-19.71X1
2+42.74X2

2 (3-3) 

Y2 =542.79+43.94X1+64.03X2+291.54X4-67.25X1X3+124.29X3
2-376.54X4

2
 (3-4)   

where Y1 and Y2 are the experimental response--yield of oligomers (µg/mg PP) 

and X1, X2, X3, and X4 correspond to independent variables of time, temperature, acid 

concentration and epicatechin/PP ratio, respectively. 

The analysis of variance (ANOVA) demonstrated that both models were suitable 

and had good predictability, as was evidenced by the very low probability of the F-

values (p<0.0001). R-squared, which measures the model’s goodness of fit, was 0.93 

and 0.87 for depolymerization without and with added epicatechin, respectively. 

The effects of the independent variables on yield was depicted using three-

dimensional (3D) response surface curves (Wei, Liao, Zhang, Liu, & Jiang, 2009). The 

response models were mapped against two experimental factors while the other 

independent parameters were fixed at zero (center value of the testing ranges).  

Figure 3-4A to 3-4C shows the 3D plots of the response surface for the oligomer 

yield using depolymerization without added epicatechin. Figure 3-4A is the response 

surface plot showing the effect of time and temperature on the response at the fixed 

center values for acid concentration. The yield of oligomers increased as the time and 

temperature increases. However, the influence of time was not as significant as that of 

temperature. The response surface plot of acid concentration on the yield of oligomers 

is given in Figure 3-4B & 3-4C. The yield of oligomers decreased when the acid 

concentration increases. This result was not consistent with a previous study in which 

higher oligomer yield was achieved in 1.0 M methanolic HCl than in 0.1 M methanolic 



 
 

59 
 

HCl for a 20 min reaction at 40 oC (Liu, Zou, Gao, & Gu, 2013). This may be explained 

by the degradation of procyanidins at higher concentration of HCl and high temperature. 

Figure 3-5A to 3-5F shows the effects of independent variables on the yield of 

oligomers using depolymerization with added epicatehin. It was observed from the 

Figure 3-5A that the yield of oligomers increased as the time progressed. There was a 

slight decrease in the yield when the temperature increased from 25 oC to 35 oC but it 

increased dramatically after the temperature went above 35 oC. With increasing ratio of 

epicatechin/PP, the yield of oligomers increased at first, but when the ratio reached a 

higher level around 2, the yield decreased (Figure 3-5C). Similar results between 

temperature and ratio, and acid concentration and ratio on the oligomer yield were 

observed (Figure 3-5D & 3-5E). Figure 3-5F indicated that the lower concentration of 

acid and higher temperature resulted in higher yield of oligomers.  

The optimum conditions of depolymerization and theoretical maximum values of 

yield were predicted using polynomial models. The forecasted optimum theoretical 

oligomer yield was 364 µg/mg PP when depolymerized at 60 oC, 0.1 M HCl/methanol 

for 3 h using depolymerization without added epicatechin, whereas the predicted yield 

was 1089 μg/mg PP at the condition of 60 oC, 0.1 M HCl/methanol, epicatechin: 

polymer (w/w) of 2.19 and reaction time of 3 h. The experimental value of the oligomer 

yield was 324±26 and 1281±32 μg/mg PP for without and with added epicatechin 

depolymerization under suggested conditions, which matched well to the forecasted 

values from the mathematical model.  

Summary 

In summary, cranberry procyanidin polymers were converted into oligomers 

using depolymerization with or without added epicatechin. Depolymerization without 
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added epicatechin generated higher proportion of A-type oligomers. Depolymerization 

with added epicatechin had higher yields of oligomers. Procyanidin oligomers from both 

processes transported through Caco-2 cell monolayers. Using response surface 

methodology, the depolymerization conditions were optimized and verified by 

experimental data. 
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Table 3-1. Recovery rate and transport ratio of oligomers from depolymerized cranberry 
procyanidin polymer  

Sample source Oligo-
mer 

Sample added to 
apical side before 
transport (µg) 

Basolateral 
side after 
transport (µg) 

Apical side after 
transport (µg) 

Recovery 
rate (%) 

Transport 
ratio (%) 

Depolymerized 
without added 

epicatechin  

2A 5657.2±275.1 50.8±2.4 5242.0±266.1 93.6±0.2 0.9±0.0c 

2B 1441.7±63.1 21.9±2.6 1420.4±163 99.9±7.1 1.5±0.1ab 
3A 2541.7±161.7 42.9±2.2 2605.5±108 104.3±2.3 1.7±0.0a 

Depolymerized 
with added 
epicatechin  

2A 9054.6±367.8 105.6±17.1 8274.3±164.2 92.6±1.8 1.2±0.1bc 

2B 8142.2±384.2 127.6±23.7 7451.5±1020.5 92.9±8.4 1.6±0.2ab 
3A 6657.1±366.9 102.3±9.5 6366.2±76.9 97.3±6.4 1.5±0.1ab 

Data were expressed as the mean ± standard deviation (n=3). Different letters in the same column 
indicate significant differences in means at p≤0.05.  
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Figure 3-1. Chromatograms of cranberry procyanidin polymers before and after 

depolymerization. A) partially purified cranberry procyanidin polymer, B) after 
it was depolymerized without added epicatechin, and C) samples 
depolymerized with added epicatechin. 1, 2A, 3A, and 4A are epicatechin, A-
type procyanidin dimer, trimer, and tetramer, respectively. 2B and 3B denote 
B-type dimer, trimer.  
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Figure 3-2. HPLC chromatogram of oligomers from depolymerization without added 

epicatechin A) in apical side at the beginning of transport experiment; B) 
HBSS from basolateral side of Caco-2 monolayer after 2 h, and C) control 
solution in the basolateral side  
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Figure 3-3. HPLC chromatogram of oligomers from depolymerization with added 

epicatechin. A) in apical side at the beginning of transport experiment; B) 
HBSS from basolateral side of Caco-2 monolayer after 2 h, and C) control 
solution in the basolateral side
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Figure 3-4. 3D graphic surfaces of the effect of variables (temperature, time, acid concentration) on the yield of oligomers 

in the depolymerization without added epicatechin 
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Figure 3-5. 3D graphic surfaces of the effect of variables (temperature, time, acid concentration, and epicatechin/polymer 
ratio) on the yield of oligmers in depolymerization with added epicatechin
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CHAPTER 4 
MICROBIAL CATABOLISM OF PROCYANIDINS BY HUMAN GUT MICROBIOTA  

Background  

Procyanidins are compounds present in fruits, berries, beans, nuts, cocoa and 

wine (Santos-Buelga & Scalbert, 2000). Procyanidins have been reported to possess a 

variety of physiological activities such as antibacterial, antioxidant, antiviral, 

anticarcinogenic and anti-inflammatory properties. Procyanidins are composed of (-)-

epicatechin or (+)-catechin. B-type procyanidins are linked by C4 → C8 and/or C4 → C6 

bonds. Most common foods, such as apple, pear, cocoa, and blueberries, contain 

exclusively B-type procyanidins (Gu, Kelm, Hammerstone, Beecher, Holden, Haytowitz, 

et al., 2004). A-type procyanidins contain an additional ether linkage between the C2 of 

the upper unit and the oxygen-bearing C7 of the lower unit. Cranberries are one of the 

few foods that contain significant amounts of A-type procyanidins. A-type procyanidin 

oligomers from cranberries were shown to inhibit adhesion of uropathogenic P-

fimbriated E. coli bacteria whereas B-type had no such activity (Foo, Lu, Howell, & 

Vorsa, 2000; Howell, Reed, Krueger, Winterbottom, Cunningham, & Leahy, 2005).   

In vitro experiments with Caco-2 cells demonstrated poor permeability of 

procyanidins (Deprez, Mila, Huneau, Tome, & Scalbert, 2001; Zumdick, Deters, & 

Hensel, 2012). This study showed a low transport rate (<5%) of procyanidin monomer 

through tetramers for both A- and B-types. Shoji et al. administrated apple procyanidins 

to rats using a dose of 1 g/kg. They found that the concentration of (-)-epicatechin, 

procyanidin dimer B2, and trimer C1 in the plasma reached Cmax of 1.3 µM, 0.4 µM, and 

0.14 µM, respectively (Shoji, Masumoto, Moriichi, Akiyama, Kanda, Ohtake, et al., 
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2006). A recent study utilizing pigs reported that 0.004% of ingested procyanidin trimer 

C1 and 0.019% of ingested procyanidin dimer B4 were excreted in 30 h urine (Rzeppa, 

Bittner, Döll, Dänicke, & Humpf, 2012). These results indicated that 90-95% of dietary 

procyanidins are not absorbed in the small intestine, but rather they reach the colon 

intact and are degraded into simple phenolic compounds and other metabolites by colon 

microbiota. These microbial metabolites are thought to be bioavailable (Rios, Gonthier, 

Rémésy, Mila, Lapierre, Lazarus, et al., 2003) and contribute to the health promoting 

properties of procyanidins in vivo (Karlsson, Huss, Jenner, Halliwell, Bohlin, & Rafter, 

2005; Unno, Tamemoto, Yayabe, & Kakuda, 2003).  

Several studies investigated the microbial catabolism of procyanidin monomers 

and B-type dimers. The results were inconsistent due to the different composition of 

microbiota in different studies. The unique activity of A-type procyanidins in preventing 

urinary tract infections makes the investigation of their microbial catabolism of great 

importance. However; there is a lack of information on the microbial catabolism of A-

type procyanidins. In this study, (-)-epicatechin, (+)-catechin, procyanidin B2, A2, and 

partially purified procyanidins from apples and cranberries were incubated with human 

gut microbiota in a static anaerobic incubation system. Their catabolites were identified 

and quantified to elucidate microbial catabolism of this type of compound. 

Materials and Methods 

Chemicals and Materials 

All chemicals and reagents were obtained from Fisher Scientific Inc. (Pittsburgh, 

PA, USA) unless otherwise stated. Freeze-dried cranberries were provided by Ocean 

Spray Cranberries, Inc. (Lakeville-Middleboro, MA, USA). (-)-Epicatechin, (+)-catechin 

and phenolic acids standards were purchased from Sigma-Aldrich (St. Louis, 
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MO, USA). A-type procyanidin dimer A2 (epicatechin-(2-O-7, 4-8)-epicatechin) was 

purchased from Chromadex Inc. (Irvine, CA, USA). B-type procyanidin dimer B2 

[epicatechin-(4-8)-epicatechin] was obtained from Indofine Chemical Company, Inc. 

(Hillsborough, NJ, USA). 5-(2’-hydroxyphenyl)-γ-valerolactone, 5-(3’-hydroxyphenyl)- γ-

valerolactone, 5-(3’,4’-dihydroxyphenyl)-γ-valerolactone, and 5-(3’,4’,5’-

trihydroxyphenyl)-γ-valerolactone were kindly provided by Dr. N. Nakajima (Toyama 

Prefectural University, Japan). Amberlite FPX 66 resin was a product from Dow 

Company (Midland, MI, USA). 

Extraction and Purification of Procyanidins from Apples and Cranberries 

A total of 500 g Granny Smith apples were blended in 500 mL distilled water 

containing 2 g of sodium bisulfate. The homogenates were put into 1500 mL boiling 

distilled water and boiled for 5 min. After cooling down to room temperature, it was 

centrifuged at 3346 x g for 10 min (Xiao, Liu, Wu, Xie, Yang, & Sun, 2008). For 

cranberries, 500 g of freeze-dried cranberry powder was extracted with 4 L of extraction 

solvent (acetone/water, 70:30, v/v) at room temperature (~25 ºC) for 48 h. Extracts 

obtained after vacuum filtration were combined and concentrated under a partial 

vacuum using a rotary evaporator. The concentrated extract was re-suspended in 100 

mL of water. Then the apple supernatant or cranberry extract solution were loaded 

separately onto a column (3.8×44 cm) packed with Amberlite FPX 66 resin. The column 

was eluted with 5 L de-ionized water to remove sugars followed by 2 L of methanol to 

yield apple or cranberry phytochemical extract. These extracts were suspended in 80 

mL of water and loaded onto a column (5.8×28 cm) packed with Sephadex LH-20, 

which had been soaked in 30% methanol for over 4 h before use. The column was 

washed with 2.5 L of 30% methanol/water to remove anthocyanins and other flavonoids. 
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Procyanidins were recovered from the column by eluting with 4 L of 70% (v/v) aqueous 

acetone. The eluents were evaporated to dryness under vacuum in a SpeedVac 

concentrator (Thermo Scientific Inc., Waltham, MA, USA) for further analyses and 

experiments.  

HPLC-MSn Analysis of Procyanidins 

Chromatographic analyses were performed on an Agilent 1200 series HPLC 

system (Palo Alto, CA, USA) equipped with a binary pump, an autosampler, a 

fluorescence detector, and a high capacity (HCT) ion trap mass spectrometer (Bruker 

Daltonics, Billerica, MA, USA). Separation and mass spectra analysis was carried out 

following the method of Liu et al. (Liu, Zou, Gao, & Gu, 2013). Content of procyanidins 

was estimated using relative response factors calculated according to Robbins et al. 

(Robbins, Leonczak, Li, Johnson, Collins, Kwik-Uribe, et al., 2012).  

In vitro Fermentation of Procyanidins with Human Fecal Microbiota 

A pool of human feces were obtained from four female volunteers who were 20-

50 years old, self-claimed healthy, and had not taken antibiotics for at least 3 months. 

This research was approved by Institutional Review Boards at University of Florida (IRB 

#275-2012). The study was fully explained to the subjects and they gave their written 

informed consent. A carbonated-phosphate buffer (pH 5.5), which was prepared 

according to Karppinen et al. (Karppinen, Liukkonen, Aura, Forssell, & Poutanen, 2000), 

was used for incubation. It was autoclaved at 121 ºC for 30 min and deoxygenated for 2 

d under anaerobic conditions. Ten gram of freshly collected feces was added to 100 mL 

medium making a 10% (w/v) fecal suspension. It was mixed well and filtered through 

sterilized two-layer cheesecloth to remove large particles. The fecal suspension was left 

to equilibrate overnight under anaerobic conditions. Then, epicatechin, catechin, 
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procyanidin B2, procyanidin A2, partially purified apple or cranberry procyanidins were 

added into the suspension to achieve a concentration equivalent to 0.5 mM epicatechin, 

which was low enough to avoid microbial inhibition. For each substrate at each time 

point, there were five incubation flasks. The first flask was control 1 where procyanidins 

were added but no living flora was added. This was to subtract changes of procyanidins 

due to chemical degradation or transformation. The second flask was control 2 where 

living flora was added but no procyanidins were added. This was to subtract metabolites 

that were not from procyanidins. Flask 3, 4, and 5 contained living flora and a substrate 

in three replicates. A control incubating procyanidins with heat-inactivated flora was 

omitted since no matrix effect was observed in preliminary experiments. A series of 

fermentations were conducted at 37 ºC under anaerobic condition for 0, 3, 6, 9, 12 and 

24 h, respectively.  

Sample Extraction and Derivatization for GC-MS Analysis  

Microbial metabolites were extracted from the fermentations by a method 

modified from a previous study (Deprez, Brezillon, Rabot, Philippe, Mila, Lapierre, et al., 

2000). Briefly, 3 mL of fermentation suspension was acidified with 50 μL 6 M HCl in 

order to keep the analytes in de-ionized form. Fifty microliters of 100 μg/mL syringic acid 

was added as internal standard. The samples were extracted with 2 mL hexane twice to 

remove lipids. Then, 5 mL ethyl acetate was added to extract the metabolites. Samples 

were vortexed vigorously for 30 sec and centrifuged at 5229 x g for 10 min at room 

temperature. This extraction was repeated and the ethyl acetate layer was collected, 

combined and evaporated to dryness in a SpeedVac concentrator at 25 ºC. 

Derivatization was carried out by adding 100 μL N,O-bistrifluoroacetamide 

(BSTFA)/trimethylchlorosilane (TMCS) to the dried extracts and incubated at 50 ºC for 4 
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h. After cooling down to room temperature, 200 μL iso-octane was added. The samples 

were then vortex-mixed and analyzed on GC-MS.  

GC-MS Analysis  

Derivatized samples were analyzed by gas chromatography coupled with a mass 

spectrometry detection (7890 A gas chromatograph, 5975C mass specific detector, 

Agilent Technologies, Santa Clara, CA). The chromatographic separation took place on 

an HP5-MS column (30 m × 0.25 mm × 0.25 μm; Agilent Technologies) with the 

following temperature program: 50 oC was held for 1 min and then the temperature was 

raised 5 oC /min until 120 oC, which was held for 10 min and then increased by 20 ºC 

/min until 320 ºC. The final temperature was held for 4 min. One microliter was manually 

injected using the splitless mode at 320 oC. The mass spectrometer was used in the 

electron impact mode (EI) at 70 eV with a source temperature of 230 oC and a 

quadrupole temperature of 150 oC. Mass spectra were obtained in the full scan mode 

from m/z 50 to 650. Data were processed using MSD Chemstation software (Agilent, 

Version E.02.02.1431).  

Statistical Analysis  

All data were expressed as the mean ± standard deviation. One-way analyses of 

variance (ANOVA) with Tukey−Kramer HSD pairwise comparison of the means were 

performed using JMP software (Version 10.0, SAS Institute Inc., Cary, NC). A difference 

of p≤0.05 was considered significant. 

Results and Discussion 

Composition of Partially Purified Apple and Cranberry Procyanidins  

The procyanidins purified from Granny Smith apples were exclusively B-type 

(Figure 4-1A). Peaks 1, 2B, 3B, and 4B were identified as monomers, dimer, trimer, and 
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tetramers according to [M-H]- m/z 289, 577, 865, and 1153 mass spectra. B-type 

pentamer and hexamer (peaks 5B and 6B) were identified by comparing with reported 

retention time (Gu, Kelm, Hammerstone, Beecher, Holden, Haytowitz, et al., 2003). The 

total content of the procyanidins in apple extracts was 94% (Table 4-1). Among them, 

around 50% were dimers through tetramers. Monomers accounted for 2.36% (w/w) of 

the total procyanidins. This was because the majority of monomers were removed in the 

procyanidin purification steps. About 8% of purified apple procyanidins were high 

polymers.    

Procyanidins purified from cranberries were predominantly A-type (Figure 4-1B). 

Peaks 2A, 3A, and 4A were identified as A-type dimer, trimer, and tetramers according 

to [M-H]- m/z 575, 863, and 1151 on mass spectra. The A-type dimer appeared as a 

dominant peak. The total content of the procyanidins in cranberry extract was about 

40%, which was much lower than that in apple extracts. This may be due to an 

underestimation of high polymers because they were a mixture of procyanidins with 

DP>10. Approximately half of the cranberry procyanidins were A-type dimers to 

tetramers (Table 4-1) and polymers accounted for the other half.     

Identification of Microbial Metabolites  

The gas chromatograms of ferments with different substrates after 6 h are shown 

in Figure 4-2. The six substrates were degraded by human fecal microbiota to different 

extents. The retention time and main ions with relative intensity of metabolites were 

listed in Table 4-2. Their identification was achieved by comparing their retention time 

and mass spectra with reference standards. Compounds 1-6 appeared as the common 

microbial metabolites for epicatechin, catechin, procyanidin B2, A2 as well as apple and 

cranberry procyanidins. They were identified as benzoic acid, 2-phenylacetic acid, 3-
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phenylpropionic acid, 2-(3’-hydroxyphenyl)acetic acid, 2-(4’-hydroxyphenyl)acetic acid, 

3-(3’-hydroxyphenyl)propionic acid and hydroxyphenylvaleric acid. These metabolites 

have also been reported after the fermentation of red wine extracts (Grun, van Dorsten, 

Jacobs, Le Belleguic, van Velzen, Bingham, et al., 2008) or grape seed polyphenols 

(Sanchez-Patan, Cueva, Monagas, Walton, Gibson, Martín-Álvarez, et al., 2012) in a 

colonic gut model. After female rats were fed containing sorghum bran for 50 days, the 

serum concentrations of 3,4-dihydroxybenzoic acid, 3-methoxy-4-hydroxybenzoic acid, 

and 2-(4’-hydroxyphenyl)acetic acid increased. 2-(3’-Methoxy-4’-hydroxyphenyl)acetic 

acid, 2-(3’-hydroxyphenyl)acetic acid, and 3-(3’-hydroxyphenyl)propionic acid were the 

dominate compounds in the urine(Gu, House, Rooney, & Prior, 2007). After consuming 

439 mg procyanidins and 147 mg catechin monomers, an increase in urinary excretion 

of 3-(3’-hydroxyphenyl)propionic acid, 2-(3’-hydroxyphenyl)acetic acid, vanillic acid, 

and 3-hydroxybenzoic acid was observed in human volunteers (Rios, Gonthier, 

Rémésy, Mila, Lapierre, Lazarus, et al., 2003) .  

Peak 7 was only found in procyanidin B2, A2, apple and cranberry procyanidin 

samples and was not detected in epicatechin and catechin sample throughout the 24 h 

fermentation. This result was consistent with previous studies in which 2-(3’,4’-

dihydroxyhphenyl)acetic acid was observed as a metabolite of procyanidin B2 

(Appeldoorn, Vincken, Aura, Hollman, & Gruppen, 2009) while it was absent when pure 

monomers were used in the incubation (Aura, Mattila, Seppänen-Laakso, Miettinen, 

Oksman-Caldentey, & Orešič, 2008). Compounds 9-11 were only found in epicatechin, 

catechin, procyanidin B2 and apple ferments. Compound 9 was tentatively identified as 

hydroxyphenylvaleric acid according to National Institute of Standards and Technology 
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(NIST) library (Version 2.0 g, 2011). However, the position of the hydroxyl group was 

not able to be confirmed due to a lack of commercial standard. Compounds 10 and 11 

were identified as 5-(3’-hydroxyphenyl)-γ-valerolactone and 5-(3’,4’-dihydroxyphenyl)-γ-

valerolactone, respectively. They may be formed through the cleavage of A-ring and the 

C-ring opening. 5-(3’,4’-Dihydroxyphenyl)-γ-valerolactone was regarded as a key 

metabolite in delineating the rate and extent of the microbial catabolism of flavan-3-ols 

(Sanchez-Patan, Cueva, Monagas, Walton, Gibson, Martín-Álvarez, et al., 2012). 5-(3’- 

Hydroxyphenyl)-γ-valerolactone was probably a dehydroxylated product from 5-(3’,4’-

dihydroxyphenyl)-γ-valerolactone. These phenylvalerolactones were further degraded 

into phenylvaleric acids. Progressive shortening of the aliphatic chain by α- and β-

oxidation generated other small phenolic acids and their derivatives, such as 

phenylpropionic acid, phenylacetic acid and benzoic acid. Compounds 12 and 13 

appeared in epicatechin and catechin ferments at 3 and 6 h. Since these two 

compounds disappeared after 6 h, they might be intermediate metabolites of 

epicatechin and catechin. Based on their mass spectra and similar retention time to 

(epi)catechin, we tentatively identified peak 12 as 1-(hydroxyphenyl)-3-(2’’,4’’,6’’-

trihydroxyphenyl)propan-2-ol and peak 13 as 1-(3’,4’-Dihydroxyphenyl)-3-(2’’,4’’,6’’-

trihydroxyphenyl)propan-2-ol. NMR analysis of purified compounds is needed to confirm 

their structures.  

Quantitation of Microbial Metabolites 

Degradation of six substrates is shown in Figure 4-3. Epicatechin and catechin 

were fully degraded in the first 6 h of incubation. Procyanidin B2 was broken down after 

12 h. Procyanidin A2 was detected even after 24 h fermentation. Over 50% of 
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procyanidins remained in the samples of partially purified apple and cranberry 

procyanidins.   

The microbial metabolites of epicatechin, catechin, procyanidin B2, procyanidin 

A2, partially purified apple and cranberry procyanidins were quantitated using gas 

chromatography with syringic acid as an internal standard. Figure 4-4 shows formation 

of benzoic acid and phenylacetic acids. Figure 4-5 depicts the formation of 

phenylpropionic acids, phenylvaleric acid, and hydroxyphenyl-γ-valerolactones.  

The major metabolites of epicatechin, catechin, and procyanidin B2 included 

benzoic acid, 2-phenylacetic acid, 3-phenylpropionic acid, 5-(3’-hydroxyphenyl)-γ-

valerolactone and 5-(3’, 4’-dihydroxyphenyl)-γ-valerolactone. They accounted for over 

70% of the total metabolites during fermentation. Microbial catabolism of procyanidin 

A2, partially purified apple procyanidins and partially purified cranberry procyanidins 

generated benzoic acid, 2-phenylacetic acid, 3-phenylpropionic acid as major 

metabolites, constituting over 50% of the total metabolites. 2-(3’-Hydroxyphenyl)acetic 

acid, 2-(4’-hydroxyphenyl)acetic acid and 3-(3’-hydroxyphenyl)propionic acid appeared 

to be minor metabolites. In epicatechin and catechin incubates, those three compounds 

accounted for around 10% of the total metabolites at each time point. This result was 

consistent with a previous report by Stoupi et al. except that we observed lower amount 

of 3-(3’-hydroxyphenyl)propionic acid and they did not detect benzoic acid(Stoupi, 

Willamson, Drynan, Barron, & Clifford, 2010). One reason for the discrepancy could be 

the conversion of 3-(3’-hydroxyphenyl)propionic acid to benzoic acid. Another study 

administered 14C-labelled 3-(3’-hydroxyphenyl)propionic acid to guinea pig and gave 

rise to labelled 3-hydroxybenzoic acid (Das & Griffiths, 1969). Another possible reason 
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could be that part of 3-(3’-hydroxyphenyl)propionic acid was dehydroxylated into 3-

phenylpropionic acid which were present at high content in the ferments. Although 2-

(3’,4’-dihydroxyphenyl)acetic acid was detected as a unique metabolite of procyanidin 

B2 and A2, partially purified apple procyanidins, and partially purified cranberry 

procyanidins (Figure 4-4E), its amount was small in those samples. This was different 

from the findings of Appeldoorn et al., where 2-(3’,4’-dihydroxyphenyl)acetic acid was 

observed as a primary metabolite with the highest amount. Inter-individual differences, 

which have been observed in other studies (Sanchez-Patan, Cueva, Monagas, Walton, 

Gibson, Martín-Álvarez, et al., 2012; Urpi-Sarda, Monagas, Khan, Lamuela-Raventos, 

Santos-Buelga, Sacanella, et al., 2009), could be a major reason for the differences 

observed. 

Figure 4-5 shows that metabolites with 3 or 5 carbons on the side chain reached 

the peak concentration at about 12 h. Their concentration decreased gradually 

afterwards. No phenylvalerolactone was detected throughout the fermentation time in 

the incubates of procyanidins A2 and partially purified cranberry procyanidins. 

Hydroxyphenylvaleric acid appeared at 9 h, which was 3 h later than B2, epicatechin 

and catechin. Compared to B2 or monomers, A-type procyanidins are more stable due 

to an additional interflavan bond. Such rigid structure makes them more resistant to 

microbiota. They are less commonly found in the human diet. Therefore, gut flora may 

evolve limited capacity to degrade them.  

Epicatechin and catechin not only had similar microbial metabolites but also 

exhibited similar patterns on the change in these metabolites. This could be explained 

by their similar chemical structure. Compared to the other 5 substrates, procyanidin B2 
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showed relatively high concentration of most metabolites detected, such as benzoic 

acid, 2-phenylacetic acid, 2-(3’-hydroxyphenyl)acetic acid, 2-(4’-hydroxyphenyl)acetic 

acid, 2-(3’, 4’-dihydroxyphenyl)acetic acid, phenylpropionic acid, 3-(3’-

hydroxyphenyl)propionic acid and hydroxyphenylvaleric acid. Partially purified apple 

procyanidins and partially purified cranberry procyanidins generally produced the lowest 

amount of metabolites among the six substrates. The exceptional cases were cranberry 

procyanidins demonstrated the highest amount of 2-(3’-hydroxyphenyl)acetic acid and 

apple procyanidins demonstrated the highest amount of 3-(3’-hydroxyphenyl)propionic 

acid during incubation. 

The mass recovery of metabolites was determined by dividing the total amount of 

identified metabolites by the total procyanidins added to the fermented broth. After 24 h 

of fermentation, microbial metabolites accounted for 56.9%, 54.2%, 38.3%, 27.7%, 

21.3%, and 20.0% of added epicatechin, catechin, procyanidin B2, procyanidin A2, 

partially purified apple procyanidins and partially purified cranberry procyanidins, 

respectively (Table 4-3). Procyanidin A2 had a much lower mass recovery of 

metabolites than pure procyanidin B2, epicatechin and catechin. The lower mass 

recovery for apple and cranberry procyanidins may be explained by the occurrence of 

procyanidins polymers. A recent study evaluated the ability of probiotic bacteria to 

convert procyanidins in vitro. The author found that 3-(4’-hydroxyphenyl)propionic acid 

derived from epicatechin and A2 was much higher than that from Litchi pericarp 

oligomeric procyanidins, indicating that it was easier for Lactobacillus to transform the 

procyanidins with a lower degree of polymerization (Chen, Yang, Wu, Lv, Xie, & Sun, 

2013). Another study using a pig cecum model showed similar phenomena in which 



 
 

79 
 

only 40% of A-type trimers were degraded within 8 h of incubation compared to 80% of 

A-type dimers (Engemann, Hubner, Rzeppa, & Humpf, 2012). These results and those 

of other studies supported the point that the ability of bacteria to catabolize procyanidins 

in the gut decreases with an increase of molecular size.  

Summary 

In summary, procyanidins, both B-type and A-type can be degraded by human 

gut microflora. Common metabolites include benzoic acid, 2-phenylacetic acid, 3-

phenylpropionic acid, 2-(3’-hydroxypenyl)acetic acid, 2-(4’-hydroxyphenyl)acetic acid, 3-

(3’-hydroxyphenyl)propionic acid and hydroxyphenylvaleric acid. Compared to B-type, 

A-type is more resistant to microbial catabolism. The accessibility of procyanidins to 

microbiota decreases when procyanidins with high degree of polymerization are 

present. 
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Table 4-1. Procyanidin content in the partially purified apple and cranberry procyanidins 

Composition  
Content of procyanidin (w/w, %) 

Partially purified apple 
procyanidins  

Partially purified cranberry 
procyanidins 

Monomers 2.36 0.55 
Dimers 18.2 8.52 (7.13a) 
Trimers 16.1 5.54 (3.89a) 

Tetramers 19.8 7.30b 
Pentamers 18.4 0.84b  
Hexamers 11.0 1.21b 

High polymers (DP>10) 8.0                   16.1 
Total 93.8 40.1 

a Numbers in the parentheses represent the content of A-type procyanidins.  Numbers out of 
parenthesis are total procyanidins. 
b Tetramers through hexamers in partially purified cranberry procyanidins were predominantly A-
type according to mass spectra data. 
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Table 4-2. Retention time, molecular weight, and major ions of identified microbial metabolites and an internal standard 
present in fermentation broth. Peak numbers match those in Figure 4-2.    

Peak 
number 

Retention 
time (min) Compounds Molecular 

weight 
Mass after 
derivatization Major ions (relative intensity) 

1 8.397 Benzoic acid 122 194 194 (7), 179 (100), 135 (62), 105 (90), 77 (58), 51(13) 

2 9.576 2-Phenylacetic acid 136 208 193 (13), 164 (20), 91 (21), 75 (35), 73 (100) 
3 11.905 3-Phenylpropionic acid 150 222 222 (12), 207 (28), 104 (100), 75 (63) 
4 14.892 2-(3’-Hydroxyphenyl)acetic acid 152 296 296 (25), 281 (25), 164 (44), 147 (30), 73 (100) 
5 15.287 2-(4’-Hydroxyphenyl)acetic acid 152 296 296 (22), 281 (22), 252 (19), 179 (50), 164 (26), 73 (100) 

8 16.613 3-(3’-Hydroxyphenyl)propionic 
acid 166 310 310 (35), 205 (100), 192 (70), 177 (327), 73 (40) 

12 18.868 2-(3’,4’-Dihydroxyphenyl)acetic 
acid 182 384 384 (70), 267 (42), 237 (13), 179 (69), 73 (100) 

13 20.464 Syringic acid (internal standard) 198 342 342 (42), 327 (59), 312 (38), 297 (40), 253 (29), 223 (19), 
141 (25), 73 (100) 

18 21.277 Hydroxyphenylvaleric acid 194 338 338 (19), 323(16), 248 (18), 233 (16), 206 (15), 180 (38), 147 
(27), 75 (65), 73 (100) 

14 21.775 5-(3’-Hydroxyphenyl)-γ-
valerolactone 192 264 264 (34), 207 (21), 179 (20), 149 (20), 85 (100) 

16 29.609 5-(3’,4’-Dihydroxyphenyl)-γ-
valerolactone 208 352 352 (45), 267 (100), 205 (55), 179 (53), 73 (47) 

 40.731 (-)-Epicatechin 290 650 650 (7), 368 (80), 355 (27), 267 (88), 179 (15), 73 (100) 
 40.885 (+)-Catechin 290 650 650 (10), 368 (82), 355 (25), 267 (70), 179 (13), 73 (100) 
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Table 4-3. Mass recoveries from microbial catabolites of epicatechin, catechin, procyanidin B2, A2, partially purified apple 
and cranberry procyanidins over 24 h*. 

 
Mass recoveries from identified catabolites (%) 

 
0 h 3 h 6 h 9 h 12 h 24 h 

Epicatechin 7.9±0.7 a 14.2±2.8 ab 24.4±4.7 bc 28.1±1.2 b 52.8±2.1 a 56.9±8.0 a  
Catechin 0.0±0.0 c 10.2±0.1 bc 29.7±1.0 ab 47.8±0.9 a 43.6±1.4 b 54.2±6.0 a 

Procyanidin B2 0.0±0.0 c 10.6±1.0 bc 34.8±2.4 a 46.6±5.8 a 58.5±2.3 a 38.3±2.6 b 
Procyanidins A2 0.0±0.0 c 16. 0±1.0 a 17.6±2.7 cd 20.1±2.7 c 24.3±0.7 c 27.7±2.1 bc 

Partially purified apple 
procyanidins 4.9±0.5 b 8.6±0.7 c 16.4±1.4 d 20.1±1.4 c 22.6±4.7 c 21.3±1.3 c 

Partially purified cranberry 
procyanidins 0.0±0.0 c 9.5±1.3 c 11.8±2.6 d 15.6±1.2 c 19.0±3.7 c 20.0±5.8 c 

*Different letters in the same column indicate the significant differences at p ≤ 0.05.
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Figure 4-1. HPLC chromatograms of partially purified procyanidins using florescent 
detection. A) apple and B) cranberry. 1, 2B, 3B, 4B, 5B, and 6B denote 
monomer, B-type dimer, trimer, tetramer, pentamer, and hexamer, 
respectively. 2A, 3A, and 4A are A-type dimer, trimer, and tetramer, 
respectively. Oligomers were identified using HPLC-tandem mass 
spectrometry (MSn). 
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Figure 4-2. Gas chromatograms of microbial metabolites in ferments with substrate 

epicatechin A) catechin B), procyanidin B2 C) procyanidin A2 D) partially 
purified apple procyanidins E) and partially purified cranberry procyanidins F) 
after 6 h anaerobic incubation. Peak numbers (1-13) match those in Table 4-
2.   
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Figure 4-3. Degradation curve of epicatechin, catechin, procyanidin B2, procyanidin A2, 

partially purified apple and cranberry procyanidins. The amount detected at t= 
0 h was expressed as 100%. Error bars represent the standard deviation of 
triplicates. Different letters at the same time indicate significant differences at 
p ≤ 0.05. 
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Figure 4-4. Formation of microbial metabolites with 1-2 carbon(s) on the side chain. A) 

benzoic acid, B) phenylacetic acid, C) 2-(3’-hydroxyphenyl)acetic acid, D) 2-
(4’-hydroxyphenyl)acetic acid, E) 2-(3’, 4’-dihydroxyphenyl)acetic acid over 24 
h in the microbial fermentation of epicatechin, catechin, procyanidin B2, 
procyanidin A2, partially purified apple procyanidins and partially purified 
cranberry, corrected for the amount detected in the control samples. Error 
bars represent the standard deviation of triplicates.     
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Figure 4-5. Formation of microbial metabolites with 3-5 carbons on the side chain. A) 

phenylpropionic acid, B) 3-(3’-hydroxyphenyl)propionic acid, C) 
hydroxyphenylvaleric acid, D) 5-(3’-hydroxyphenyl)-γ-valerolactone, E) 5-(3’, 
4’-hydroxyphenyl)-γ-valerolactone over 24 h in the microbial fermentation of 
epicatechin, catechin, procyanidin B2, procyanidin A2, partially purified apple 
procyanidins and partially purified cranberry, corrected for the amount 
detected in the control samples. Error bars represent the standard deviation 
of triplicates.  
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CHAPTER 5 
CONCLUSIONS 

This dissertation increased our knowledge on the absorption, chemical 

conversion and microbial catabolism of cranberry procyanidins. A-type procyanidins 

dimers, trimers and tetramers from cranberries transported across Caco-2 cells 

although the transport ratios were low (Chapter 2). It implied that A-type procyanidins 

dimmers through tetramers are bioavailable in humans after cranberry consumption. 

Future studies are needed to elucidate the absorption mechanism and identify possible 

transporter of procyanidins. The paracellular transport is the most probable absorption 

pathway; however this needs to be verified by experiments.  

In Chapter 3, the non-absorbable cranberry polymers were converted into 

absorbable oligomers by depolymerization under mild acid condition with or without 

added epicatechin. Oligomers yielded from both methods transported through Caco-2 

cell monolayer with a comparable transport ratio to the natural oligomers. Reaction 

conditions affected both the yield and composition of oligomers. The depolymerization 

without added epicatechin method appeared to be a good way to produce A-type 

oligomers. This approach is desirable if a higher portion of A-type oligomers is needed 

in the final product for the prevention of urinary tract infection. Depolymerization with 

added epicatechin had a higher depolymerization efficiency and yield. This method is 

desirable when the total yield is the priority. This study provided an effective and 

applicable method for the industry to produce cranberry procyanidin supplements with 

increased bioavailability and bioactivity. Procyanidin compositions were controllable by 

adjusting reaction conditions. Future studies were needed to determine  the bioactivity 
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of newly generated cranberry oligomers, such as the prevention effect of urinary tract 

infections, antioxidant capacity and anticancer properties. 

In Chapter 4, procyanidins, both B- and A-types were catabolized by human gut 

microflora. Compared to B-type, A-type procyanidins were more resistant to microbial 

catabolism, which may result from their rigid structure. A total of eleven metabolites 

were identified from the ferments of (-)-epicatechin, (+)-catechin, procyanidin B2, 

procyanidin A2, partially purified apple and cranberry procyanidins. Common 

metabolites included benzoic acid, phenylacetic acids, phenylpropionic acids and 

phenylvaleric acids with different number of hydroxyl groups on the benzene ring. Two 

phenylvalerolactones were identified. Limited numbers of metabolites were identified in 

this study due to the detection limits of GC-MS methods and the complexity of human 

gut microbiota. Future studies are needed to identify the strains of bacteria which are 

responsible for the degradation of procyanidins. The present work used a pool of human 

fecal samples which only showed the general trend on the microbial degradation of 

procyanidins. Microbial metabolites from individuals may be compared in future studies 

to determine the inter-individual differences on the microbial catabolism patterns. 

Additional investigations on the bioactivity and bioavailability of these microbial 

metabolites were also warranted. 
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