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Low- and intermediate-molecular-weight polyphenols are usually extracted by using different solvents 
(e.g. water, methanol, aqueous acetone). The aim of the present work was to study the possible effects 
of some extractable polyphenols (EPP) on fat and protein digestibilities and on the colonic microflora. 
Degradability of these compounds through the intestinal tract was also studied. Catechin and tannic acid 
(TA) were chosen as representatives of the most common basic structures of EPP (flavonoids and gallic 
acid respectively). Three groups of eight male Wistar rats were given either a control diet free of EPP,  
or diets containing 20 g/kg dry matter of catechin and TA. Body-weight and food intake were monitored 
during a 3-week experimental period. Faeces and urine were collected daily during the third 
experimental week. EPP and fat were determined in faeces, and N in both urine and faeces. Only 3.1 
and 4.6% of the ingested catechin and TA respectively were excreted in faeces, indicating that 
absorption and/or degradation of these E P P  had occurred. HPLC analysis of the polyphenolic content 
of faeces showed qualitative differences between groups. A significant increase of total faecal weight as 
well as water, fat and N excretion was produced by TA. Catechin only caused an increase in fat 
excretion. Zn vitra fermentation assays were also performed to study the effect of E P P  on the colonic 
microflora. Both catechin and TA affected the yield of end-products of fermentation, and were also 
degraded during the fermentation process. 

Polyphenols: Catechin: Tannic acid: Intestinal degradation: Colonic fermentation 

Polyphenols (PP) are compounds widely distributed in vegetable foods (legumes, cereals, 
fruits) and beverages (tea, cider, wine), and are important constituents of the human diet. 

PP can be found free in the cell soluble fraction, as well as bound to the cell-wall 
components. The natural PP arise biogenetically from the shikimate and/or the acetate 
pathways. Most of them are present in a conjugated form, principally with a sugar residue. 
Benzoic acid and flavone are the basic structures of PP, which can be divided into different 
groups, e.g. phenylpropanoids, flavones, flavonoids, anthocyanidins and tannins (Single- 
ton, 1981 ; Harborne, 1989). 

Extractable polyphenols (EPP) are low- and intermediate-molecular-weight PP that are 
extracted by using different solvents (e.g. water, methanol, aqueous acetone). High- 
molecular-weight (over 5000) and bound PP usually remain insoluble in these solvents 
(Haslam, 1988; Saura-Calixto et al. 1991; Terrill et al. 1992). From a physiological point 
of view, it is useful to distinguish between soluble or extractable, and bound forms of Pp, 
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because of their different metabolism and effects in the gastrointestinal tract. Bound and 
highly polymerized PP are not absorbed in the intestine, being quantitatively recovered in 
faeces (Singleton, 1981; Bravo et al. 1992; 1994). 

EPP appear to be absorbed from the digestive tract and produce systemic effects such as 
elevated levels of growth hormone in plasma and reduction of metabolic utilization of 
absorbed amino acids (Martin-Tanguy et a/. 1976; Barry et al. 1986; Ahmed et al. 1991). 
Absorbed phenolics are metabolized and, after conversion of the basic structure into a new 
form and conjugation with body natural constituents such as glucuronic acid or sulphate, 
are excreted in the urine and bile (Singleton, 1981). Butler et ul. (1986), utilizing tannins 
labelled with "'1, found that 61 % of the radioactivity was recovered in faeces, 20% in 
urine and the remainder in serum, liver and kidney. 

On the other hand, PP are known to have depressing effects on protein digestibility due 
to their ability to bind and precipitate proteins (Eggum et al. 1983; Aw & Swanson, 1985; 
Oh et al. 1985), and to decrease the activity of digestive enzymes (Tamir & Alumot, 1969; 
Griffiths & Moseley, 1980; Horigome et al. 1988), producing an increase in faecal N 
excretion. Although these effects are more widely attributed to high-molecular-weight 
condensed tannins, lower-molecular-weight PP can also bind protein and decrease the 
activity of digestive enzymes (Moulay et af. 1988; Hara & Honda, 1990). The inhibition of 
digestive enzymes also affects the digestibility and/or absorption of other dietary 
constituents such as starch (Thompson & Yoon, 1984; Bjorck & Nyman, 1987) or lipids 
(Nyman & Bjorck, 1989; Longstaff & McNab, 1991), and their degradation products 
(Marzo et ul. 1987; Santidrian & Marzo, 1989). 

The objective of the present work was to study the degradability of EPP through the 
intestinal tract, as well as their possible effect on fat and protein digestibilities and on 
colonic microflora. Rat experiments and in vitro fermentation assays were performed. 
Catechin and tannic acid (TA) were chosen as standards representing the most common 
basic structures of EPP (flavonoids and gallic acid structures respectively). 

M A T E R I A L S  A N D  M E T H O D S  

In vivo experiment 
The in vivo study was carried out using the rat model, which has been found to correlate 
with human studies (Nyman et al. 1986). 

Animals. Male Wistar rats weighing approximately 60 g were randomly divided into 
three groups of eight. Animals were placed into individual metabolism cages and kept in 
a room at 22* lo, with a 12 h light-dark cycle. Animals were fed on different semi-synthetic 
diets prepared in the laboratory. Food and water were available ad lib. After 4 d adaptation 
to diet and cages, body-weight, food intake and faecal output were monitored throughout 
the 3-week experimental period. Urine and faeces were collected daily during the third 
experimental week. Urine was collected in HCI ( 0 . 0 6 m ~ )  and analysed for N content. 
Faeces were collected and weighed daily, freeze-dried, weighed again, pooled weekly and 
milled to a particle size of < 0.5 mm. PP, fat and total N were analysed in the pooled faeces. 

Diets. Diet composition is given in Table 1. A PP-free basal diet was used as a control. 
TA (T-0125) and catechin (C-1251) were supplied by Sigma Chemical Co., St Louis, MO, 
USA. Catechin is a flavan-3-01 phenolic, and TA is a hydrolysable tannin composed of 
glucose esterified with six to nine gallic acid units. 
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Table 1. Composition of diets ( g / k g  dry matter) 
~ 

Ingredients Control diet Catechin diet Tannic acid diet 

Casein 144 144 I44 
oL-Methionine 2.9 2.9 2.9 
Sucrose 96 96 96 
Oil* 48 48 48 
Mineral mixture? 36.2 36.2 36.2 
Vitamin mixture$ 1.2 1.2 1.2 
Wheat starch 671.7 652.5 6523 

19.2 Catechin - ~ 

Tannic acid - 19.2 ~ 

* Olive and sunflower oils; 50:50,  v/v. 
t The mineral mixture provided (g/kg diet): CaCO, 10.0, KHCO, 6.1, NaH,PO, 2.26, KH,PO, 8.2, CaHPO, 

6.8, MgS04.7H,0 2.25, MgCO, 0.77, FeS0,.7H20 0,199, MnSO,.H,O 0.17, ZnCO, 0.026, NaF 0.0002, KI 
0,0002, Na,CrO, 0.001, Na,SeO,. 5H,O 0.0002, CuSO,. 5H,O 0.025. 

$ The vitamin mixture provided (mg/kg diet): pteroylmonoglutamic acid 1.1 I ,  niacin 22.22, calcium 
pantothenate 8.88, riboflavin 3.33, thiamin 4.44, pyridoxine 6.66, cyanocobalamin 0.055, choline I 1  11.1  I ,  retinol 
8.88, cholecalciferol 11.1 1, menadione 0,055, tocopherol 33.33. 

In vitro fermentation system 
The in vitro fermentation system simulates events occurring in the large intestine, providing 
a useful technique for predicting biological activity of a single substrate. It has been 
successfully used for fermentation studies of dietary fibre, resistant starch and 
oligosaccharides (Adiotomre et al. 1990; Edwards et al. 1992). 

In vitro fermentation of PP was carried out by a closed batch-culture technique under 
strict anaerobic conditions using 0,-free CO,. The analysis of PP and short-chain fatty 
acids (SCFA) after fermentation provides information about the colonic degradation 
process. Fermentation was run in duplicate. 

The medium used was based on tryptone (2.5 g/l) and minerals (Na,HPO, 1.4 g/l, 
KH,PO, 1.6 g/l, MgSO, .4H,O 0.2 g/l, (NHJHCO, 1 g/l, NaHCO, 8.7 g/l, CaCl,. 2H,O 
163  mg/l, MnCI,. 4H,O 12.5 mg/l, CoCI,. 6H,O 1.25 mg/l, FeCI,. 6H,O 1 mg/l; 
Adiotomre et al. 1990). Rat caecal contents were used as inoculum. 

Approximately 12 g fresh rat caecal contents were removed from three rats previously 
fed on a commercial high-fibre diet (Diet CRM(X), Labsure Ltd, Croydon, Surrey) and 
homogenized in sterile anaerobic medium to give 8 g rat caecum contents/100 ml medium. 
The slurry was mixed at 37" for 45 min to break up the caecal fibre matrix, then filtered to 
remove large fibre particles. The filtrate was retained for inoculation. 

Medium (30 ml) and 1 ml reducing solution (cysteine hydrochloride 6.2 g/l, NaOH 
1.6 g/1 and Na,S .9H,O 6.2 g/l) were dispensed into 150 ml Medical Flat bottles. Samples 
were added, followed by 10 ml inoculum. The bottles were gassed with CO, and closed with 
'suba seal' stoppers, then placed in an incubator at 37" for 24 h. A PP-free control was also 
prepared. 

Catechin and TA were used as fermentation substrates. A portion of each substrate 
(200 mg) was dissolved in 40 ml medium to give a final concentration of 5 g/l. SCFA 
(acetic, propionic, butyric, isobutyric, valeric and isovaleric acids) and non-volatile 
carboxylic acids (NVCA ; lactic, pyruvic, malonic, succinic and fumaric acids) were 
analysed after 24 h fermentation. 

In order to study the metabolism of catechin and TA through the fermentation process 
and their possible influence on SCFA production, two different concentrations of both 
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catechin and TA (2.5 g/1 and 1 g/l) were assessed separately. The experiment was repeated 
in the presence of glucose (5 g/l) as a readily fermentable substrate. After 72 h fermentation, 
portions of the solutions were removed for SCFA determination and quantitative and 
qualitative analysis of PP. 

Analytical methods 
PP determination. Soluble PP were extracted from diets and faeces by shaking at room 
temperature once with methanol-water (5 : 5, v/v; 50 ml/g sample, 60 min) and once with 
acetone-water (7 : 3, v/v; 50 ml/g sample, 60 min). The extracts were combined and 
analysed for PP content. 

PP were determined in the extracts of both diets and faeces, as well as in the portions of 
the fermentation solutions, by assaying with the Folin-Ciocalteau reagent and measuring 
absorbances at 750 nm (Montreau, 1972). Catechin and TA were used as standards in the 
analysis of the corresponding extracts. The PP determined by the Folin-Ciocalteau method 
represent the total content of EPP, including both flavan-3-01 and gallic acid derivatives. 

Although the vanillin method is specific for flavanols and dihydrochalcones (Sarkar & 
Howarth, 1976), we used the Folin-Ciocalteau procedure to determine catechin because an 
underestimation of the catechin content in the extract of the catechin diet was observed 
with the vanillin method, as has also been reported by other authors using this method in 
other foodstuffs (Shahkhalili et al. 1990). This underestimation was not found when the 
Folin-Ciocalteau reagent was used. 

Chromatographic identification of PP. High-performance reversed-phase liquid chroma- 
tography was performed to identify polyphenolic compounds in the in vivo experiment. A 
high performance Merck-Hitachi liquid chromatograph (Darmstadt, Germany) equipped 
with an L-6200 pump (Intelligent Pump), L-3000 photodiode-array detector and D-6000 
(Dad Manager) software was used. 

Faeces were extracted with methanol-water (7:3, v/v; 20 ml/g sample) overnight at 
room temperature, twice. The combined extracts were evaporated to dryness under vacuum 
at 37" and redissolved in 1 ml methanol. Catechin and TA standards were dissolved in 
methanol for HPLC analysis. 

The methanolic solutions (20 pl) were analysed by reversed-phase HPLC using a 5 pm 
Lichrocart 100 RP-18 (100 x 4.6 mm i.d.) column. Formic acid-water (5 :95, v/v; solvent A) 
and methanol (solvent B) were used for gradient elution. A linear gradient was applied 
starting from 95 % solvent A and changing to 80 YO solvent B over 30 min, then to 95 % 
solvent A over 5 min and maintaining isocratically for 5 min. The flow rate was 1 ml/min. 
The effluent was monitored at 280 nm. 

TLC was used to identify the phenolic compounds in the portions of the fermentation 
solutions. Plates were prepared with cellulose MN 300. 

TA derivatives were determined by TLC on linear cellulose plates, eluted with 60 ml/l 
aqueous acetic acid. Spots were detected by spraying with the Folin-Ciocalteau reagent 
followed by exposure to NH, vapour for spot detection (Harborne, 1973). TA was used as 
standard. 

Flavonols were identified by two-dimensional TLC, developing the chromatograms with 
n-butanol-acetic acid-water (4: 1 : 5, by vol.; BAW) and aqueous acetic acid (150 ml/l; 
Markham, 1982). Spots were located under U.V. light and by spraying with colour- 
developing reagents (p-nitroaniline, anhydrous sodium carbonate, lead acetate basic) and 
with NH, vapour. 

Determination of endproducts of fermentation. Portions of the fermentation solutions 
were taken for analysis of the endproducts of fermentation: SCFA and NVCA. 

A gas chromatograph equipped with a flame ionization detector was used (Carlo-Erba 
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4200, Milan, Italy). SCFA were separated on a 2 m glass column of 2 mm id . ,  packed with 
10% SP 1200-1 % €&PO, on 80-100 mesh Chromosorb W-AW. The injector, detector and 
oven temperatures were 120", 80" and 200" respectively. The temperature program was: 
initial temperature 120", final temperature 180"; rate of temperature increase 1 5"/min. 
Initial time 0; final time 5 min. 

SCFA were determined by a modification of the method of Spiller et al. (1980), using 4- 
methyl-n-valeric acid as internal standard. NVCA were measured using procedures 
described by Holdeman et al. (1977), using maleic acid as standard. 

Nitrogen andfat determination. Diets, urine and faeces were analysed for total N by the 
Kjeldahl method, using concentrated H,SO, at 350", with Se as catalyst (Tecator Kjeltec 
equipment, Hoganas, Sweden). Crude protein was calculated as N x 6.25. 

Fat was determined gravimetrically in diet and faeces after extraction with light 
petroleum (b.p. 40-60") with Soxhlet equipment. 

Statistical analysis 
Results are presented as mean values and standard errors. Data were analysed by one-way 
analysis of variance. The homogeneity of variances was checked using the Cochran test. In 
those treatments with variance heterogeneity, Student's t test was used to evaluate 
differences between group means. The level of significance was P < 0.05. 

R E S U L T S  

In vivo experiment 
Table 2 shows the weight gain, food intake, faecal output and water excretion during the 
third experimental week. No significant differences in growth rate and food intake were 
observed. However, a significant increase in dry matter excretion was observed with TA, 
while catechin caused a decrease in the stool weight. The water excretion was higher in the 
TA-fed group, but not in the catechin-fed group. 

Protein and f a t  excretion 
Intake and excretion of protein and fat are shown in Table 3.  A significant increase in faecal 
N excretion was observed in the TA-fed animals, but not in the catechin-fed group. As a 
consequence of this higher N excretion in the TA group, the digestive and metabolic indices 
of protein (apparent digestibility coefficient and N balance) were lower in this group, 
although the protein efficiency ratio (weight gain per weight of protein eaten) was not 
affected. 

A significant increase in fat excretion was observed in both the catechin and TA groups 
(Table 3). 

Degradation of EPP 
The intake and faecal excretion of catechin and TA are detailed in Table 4. Only small 
amounts of these compounds appeared in faeces (3.13 and 4.45 YO of the ingested catechin 
and TA respectively), suggesting a high susceptibility to intestinal degradation. 

Qualitative changes in EPP after their passage through the intestine can be observed in 
Figs 1 and 2 .  Fig. 1 (a )  shows the reversed-phase HPLC chromatogram corresponding to 
the catechin standard used in the formulation of the diet. Fig. l(b) corresponds to the 
chromatogram of the extract obtained from the faeces of the catechin-fed group. As shown, 
catechin was present in faeces, as well as a catechin derivative, probably an 0-methyl 
derivative. 

Similarly, chromatograms corresponding to the TA standard (Fig. 2 (a))  and the extract 
of the faeces of the TA-fed group (Figure 2(b)) are shown. Gallic acid (retention time (R,) 
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Table 2. Efect  of polyphenols on weight gain, food intake, stool weight and water content 
of faeces of rats* 

(Mean values with their standard errors for eight rats per dietary group; df 23) 

Control group Catechin group Tannic acid group 

Mean SE Mean SE Mean SE 

Weight gain (g/7 d) 41.8 3.16 32.9 5.26 38.1 2.78 
Food intake (g DM/7 d) 98.7 3.67 105.4 4.95 103.1 3.1 1 
Stool weight (g DM/7 d) 2.8" 0.09 2.4b 0.10 3.6' 0.17 
Water content of faeces (g/7 d) 0.9a 0.03 0.9" 0.03 1.2" 0.17 

DM, dry matter. 
a , b . C  Mean values with unlike suoerscriDt letters within a row were sienificantlv different (P < 0.05). - 
* For details of diets and procedures, see Table I and p. 935. 

Table 3. Intake and excretion of f a t  and protein and protein utilization indices in rats 
given diets containing polyphenols* 

(Mean values with their standard errors for eight rats per dietary group; df 23) 

Control group Catechin group Tannic acid group 

Mean SE Mean SE Mean SE 

Fat intake (g/7 d) 5.2 0.19 5.2 0.24 5.1 0.17 
Fat excretion (g/7 d) 0.07" 0,002 0.19b 0,010 016' 0.010 
Protein intake (g/7 d) 15.2 0.57 15.8 0.74 15.6 0.47 
Faecal N (mg/7 d) 153.7" 4.86 140.2" 5.87 270,2b 12.90 
Urinary N (mg/7 d) 661.0 6.64 736.8 8.23 647.3 8.44 

PER 2.7 0.2 1 2.1 0.26 2.4 0.15 
NB (g/7 d) 1.6".h 0.07 1.7" 0.09 1.6h 0.06 

ADC (Yo) 93.8" 0.22 94.sa 0.47 89.2h 0 2  I 

ADC, apparent digestibility coefficient of protein: (ingested - faecal) x ingested-' x 100; PER, protein efficiency 

a h.r Mean values with unlike superscript letters within a row were significantly different (P < 0.05). 
* For details of diets and procedures, see Table 1 and p. 935. 

ratio: weight gain (8) x protein ingestion-' (8); NB, N balance: intake-(faecal +urinary). 

Table 4. Intake and faecal excretion of polyphenols by rats* 
(Mean values with their standard errors for eight rats per dietary group; df 23) 

Faecal excretion 
Intake Apparent 
817 d g/kgt g/7 d digestibility1 (%) 

Mean SE Mean SE Mean SE Mean SE 

Catechin 2.1 0.09 269 0.06 0.07 0.01 96.9 0.19 
Tannic acid 2.1 0.05 269 0.05 0.10 001 95.4 0.10 

* For details of diets and procedures, see Table 1 and p. 935. 
t Polyphenols analysed in the pool of faeces; mean of three determinations. 
$ Apparent digestibility: (ingested - excreted) x ingested-' x 100. 
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Fig. 1. (a) Reversed-phase HPLC chromatogram of the catechin standard used in the formulation of the diet. 
( h )  Chromatogram corresponding to the methanolic extract of the faeces of rats fed with catechin. 
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Fig. 2. (a) Reversed-phase HPLC chromatogram of the tannic acid standard used in the formulation of the diet 
( b )  Chromatogram corresponding to the methanolic extract of the faeces of rats fed with tannic acid. 
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Table 5. Short-chain fat ty  acid production (mmolll) in the presence of polyphenols after 
24 h in vitro fermentation with a rat caecal inoculum 

(Mean values with their standard errors for four determinations; df 11) 

Acetic acid Propionic acid Butyric acid Total 

Mean SE Mean SE Mean SE Mean SE 
_ _ _ _ _ _ _ _ _ _ _ _ _  

Control 15.9” 1.12 5.0“ 0.26 4.6“ 0.28 25.8“ 0.65 
Catechin 1 4.6a 0.23 5.1“ 0.05 5.4& 0.10 25.2” 0.29 
Tannic acid 8.6” 0.3 1 3.1b 0.04 4.0” 0.18 15.7b 0.18 

Mean values with unlike superscript letters within a column were significantly different (P < 0.05) 

_ _ _  

Table 6. Short-chain fat ty  acid production (mmolll) after 72 h in vitro fermentation with 
a rat caecal inoculum in the presence of polyphenols 

(Mean values with their standard errors for four determinations; df 11) 

Catechin Tannic acid 

Control 1 g/l 2.5 g/1 Control 1 2.5 g/I 

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Acetic acid 87.0a 1.98 54.3b 6.07 45.1” 1.59 78.3” 0.64 29.3” 019 ND 
Propionic acid 4.5” 0.09 4.9a 0.27 4.9” 0.14 5.4“ 0.15 4.7” 0.14 4.6” 0.09 
Butyric acid 5.3a 0.15 7.1” 0.09 7.5‘ 0.06 4.7” 0.39 5.8” 0.30 4.9”’h 0.04 

Total 96.8” 1.95 663” 6.07 57.5” 1.45 88.4” 054  39.8” 0.50 9.5‘ 0-13 

ND, not detected. 
a, b.  c Mean values corresponding to each polyphenol with unlike superscript letters within a row were 

significantly different (P < 005). 

2.25) and gallic-acid derivatives (R, 3.41 and 8.37) were present in faeces, along with other 
compounds with R, between 19 and 27. 

Effect of polyphenols on in vitro fermentation 
The production of SCFA after in vitro fermentation is shown in Tables 5, 6 and 7. NVCA, 
as well as some SCFA (isobutyric, valeric and isovaleric) were not detected. Values are the 
means of four fermentation assays, run in duplicate. 

The production of SCFA after 24 h fermentation in the presence of PP is shown in Table 
5. The formation of these acids was suppressed by TA, but not by catechin under the 
described conditions. 

Different concentrations of TA also caused a significant decrease in the SCFA levels, 
except for butyrate, after 72 h fermentation (Table 6). Total suppression of acetic acid 
production by a TA concentration of 2.5 g/1 was observed. Although catechin also 
decreased the levels of acetic acid, those of propionate and butyrate were increased. 

Similarly, when glucose was added to the fermentation system a decrease in acetic acid 
formation was observed both with catechin and TA (Table 7). A decrease in the production 
of propionic and butyric acids was also observed in the presence of 2.5 g/1 TA. With the 
same amount of catechin a small increase in the level of propionic acid was observed. 

PP determination in the fermentation residues performed by the Folin-Ciocalteau 
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Table 7. Short-chain fat ty  acid production (mmol/ l )  after 72 h in vitro fermentation with 
a rat caecal inoculum in the presence of polyphenols and glucose 

(Mean values with their standard errors for four determinations; df 11) 

Catechin Tannic acid 

Control 1 811 2.5 g/1 Control 1 g/l 2.5 g/I 
~~ 

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Acetic acid 102.9" 3.40 79.2" 0.29 58.1" 0.56 83.7" 6.95 55.0" 4.26 10.6' 0.30 
Propionic acid 9.5" 0.20 9.6" 0.25 10.3" 0.23 8.9" 0.71 10.4a 0.55 4.3" 0.07 
Butyric acid 15.9" 0.34 16.1' 0.58 17.0" 0.50 16.5" 1.46 19.1" 0.37 4.9" 0.06 

Total 128.2" 4.03 104.9' 1-02 85.4" 060  1090" 7.32 84.5h 3.49 19.8' 0.22 

a. h. < Mean values corresponding to each polyphenol with unlike superscript letters within a row were 
significantly different (P < 0.05). 

method showed that between 40-60 YO and 75-95 YO respectively of the amounts of catechin 
and TA initially added were recovered after fermentation. 

DISCUSSION 

The assayed EPP (catechin and TA) did not affect growth rate and food intake during the 
3-week experimental period. These results are in agreement with those of Moulay et a/. 
(1988) with rats and guinea-pigs receiving 20 g/1 TA in drinking water for 18 and 26 d. On 
the other hand, a growth retardation effect is usually reported in short-term experiments, 
although results for food consumption are contradictory. Thus, both enhancing (Santidrian 
& Marzo, 1989) and depressing effects (Tamir & Alumot, 1970; Shahkhalili et al. 1990) 
have been reported. 

Catechin caused a small but significant decrease in the stool output of rats, and did not 
affect the water excretion. In contrast, TA caused an increase in dry matter excretion as well 
as in the water content of faeces. Similarly, a significant increase in faecal N excretion was 
observed in the TA group (Table 3). This higher protein excretion may account for their 
higher faecal weight. TA has been reported to increase faecal weight by increasing the N 
contents of faeces (Mitjavila et al. 1977; Moulay et al. 1988; Santidrian & Marzo, 1989). 

Tannin-protein interactions are known to decrease protein digestibility by decreasing 
protein absorption and inhibiting digestive enzymes, thereby producing an increase in the 
faecal N excretion (Tamir & Alumot, 1969; Griffiths & Moseley, 1980; Eggum et al. 1983; 
Aw & Swanson, 1985; Horigome et al. 1988). The minimum molecular weight for effective 
protein precipitation has been suggested to  be 350 (Singleton, 1981), which would be 
achieved not by the monomer, but by a dimeric catechin. This may explain the lack of effect 
of catechin on faecal N excretion. 

Fat excretion was significantly elevated by both catechin and TA. No effect of TA on fat 
excretion in the guinea-pig has been reported (Moulay et al. 1988). In fact a decrease in 
apparent digestibility of lipids by TA treatment has been reported (Tamir & Alumot, 1969; 
Nyman & Bjorck, 1989), while no effect was observed with catechin (Nyman & Bjorck, 
1989). 

The low recovery of EPP in faeces (3.13 YO of the ingested catechin and 4.56 YO of the TA) 
indicates that these compounds are almost completely digested and/or absorbed in the 
intestinal tract, as their high apparent digestibility suggests (Table 4). 

EPP such as catechin are known to be absorbed in the intestine and metabolized, 
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undergoing oxidation of the aromatic ring and/or conjugation with glucuronic acid, 
sulphate and glycine (Towers, 1964; Williams, 1964; Kiihnau, 1976). The conjugates are 
excreted in the urine or in the bile, when they pass back to the intestine. In the latter case 
they may undergo bacterial degradation of the heterocyclic ring to yield phenolic acids, 
which are readily absorbed and subsequently excreted into the urine (Griffiths, 1982). 

Microbial breakdown of the conjugates reaching the intestine via the bile was confirmed 
when catechin conjugates were found in both urine and faeces in germ-free rats, but not in 
normal rats (Griffiths & Barrow, 1972). Similarly, urinary excretion of the catechin ring 
metabolism products was reduced by co-administration of oral antibiotics (Griffiths, 1982), 
corroborating the idea that certain flavonoids are significantly metabolized by the intestinal 
microflora. Although enzymic extracts of animal organs are reported to break down 
flavanols to benzoic acids without the intervention of micro-organisms (Kiihnau, 1976), the 
ring cleavage is mediated by colonic microflora in normal circumstances (Griffiths & 
Barrow, 1972). 

Like catechin, TA was excreted in faeces only in trace amounts (Table 4). We did not find 
any specific data in the literature concerning the absorption of TA. However, our results 
suggest that both catechin and TA structures are almost completely absorbed in the 
intestinal tract. 

To check possible qualitative changes in EPP, diet and faeces were analysed by HPLC. 
Fig. 1 shows the chromatograms corresponding to the catechin group. As observed, 
catechin and a catechin derivative, probably an 0-methyl derivative (Fig. 1 (b)),  were 
present in faeces. A 3’-0-methyl-catechin glucuronide was identified as the major biliary 
metabolite after oral administration of ( + )catechin (Griffiths, 1982). 

The chromatographic analysis of TA is complicated because it is a mixture of four 
phenolic compounds (King & Pruden, 1970). Under the assay conditions the chromat- 
ographic analysis of the TA standard failed to separate properly its different phenolic 
constituents (Fig. 2 (a)). Nevertheless, qualitative differences can be observed in the faeces 
extract (Fig. 2(b)). Gallic acid (R, 2.25) and gallic acid derivatives (R, 3.41 and 8.37), with 
the same spectrum as gallic acid, are present in the faeces, showing that intestinal 
degradation of TA had occurred. Along with these phenolics, other compounds with R, 
between 19 and 27 also appeared, probably originating from partial degradation of TA. 
The identification of these compounds was not possible owing to the lack of appropriate 
standards. 

In vitro fermentation of catechin and TA was performed in an attempt to study the ability 
of colonic bacteria to utilize these substrates. Although in vitro systems have problems in 
maintaining the natural composition of microflora, they are less expensive and time 
consuming than animal studies. Furthermore, in vitro systems present the advantage that 
single, relatively pure substrates can be used. This facilitates chemical studies, avoiding 
interference from other components in the diet (Miller & Wolin, 1981). 

The inoculum derived from the rat caecum may contain residual fibre that could undergo 
fermentation, thereby yielding SCFA which may account for the SCFA production in the 
control. Since none of the tested PP significantly elevated the levels of SCFA when 
compared with the control, we suggest that these compounds do not seem to be fermentable 
at least in the same way (i.e. with the production of SCFA or NVCA) as other dietary 
constituents. In addition, TA caused a significant reduction of SCFA production after 24 h 
fermentation (Table 5), suggesting an inhibitory effect on the fermentation process. 

Two different concentrations of catechin and TA (1  g/1 and 2.5 g/l) were also assessed 
for their metabolism during the fermentation process (Table 6). As it has been suggested 
that bacterial growth could be retarded rather than suppressed by certain phenolic 
compounds (Chesson et al. 1982), fermentation was prolonged for 72 h. Different results 
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were obtained from experiments when catechin and TA were used as substrates (Table 6). 
Except for butyrate, TA caused significant decreases of the SCFA levels, with total 
suppression of acetic acid production by a TA concentration of 2.5 g/l. Butyric acid levels 
were slightly increased by a TA concentration of 1 g/l, but not by a concentration of 
2.5 g/l. 

Similarly, acetic acid levels were decreased by the two concentrations of catechin tested, 
although the high variability observed in the presence of 1 g/1 of this EPP does not allow 
us to state its effect on acetic acid production. A significant increase in the butyric acid level 
was also found when catechin was added to the fermentation system, whilst that of 
propionic acid was not affected. 

It has been shown that certain phenolic acids inhibit the growth of rumen micro- 
organisms (Chesson et al. 1982) and depress cellulose and protein digestion in vitro (Jung 
& Fahey, 1981 ; Akin, 1982; Jung, 1985). TA has been reported to inhibit the activity of 
cellulase (EC 3.2.1.4) and other digestive enzymes in v i m  (Griffiths & Jones, 1977; 
Griffiths, 1981; Bjorck & Nyman, 1987). Furthermore, TA has been shown to decrease the 
in vivo fermentability of hemicellulose (Barry et al. 1986), and protein and lipids (Nyman 
& Bjorck, 1989), and a significant decrease of the facultative gut microflora in the red 
squirrel as a consequence of TA ingestion has also been reported (Eberly ez al. 1983). In 
contrast, Nyman & Bjorck (1989) found that catechin caused a decrease in the activity of 
proteolytic enzymes in vivo, but did not affect the microbial enzyme activity. A possible 
modification of catechin in the hind-gut which abolishes its inhibitory effect was suggested. 

Our results show that a mixed culture of caecal micro-organisms is affected to different 
degrees by PP. Both catechin and TA diminished total SCFA levels. TA caused more 
extensive inhibition of SCFA production than catechin, suggesting that this compound 
may influence fermentation by exerting a toxic effect on the population of caecal bacteria. 

In addition, the individual SCFA were affected differently by the tested phenols. 
Catechin yielded a significant increase in butyric acid production but decreased acetic acid 
levels. On the other hand, only small changes in propionic and butyric acid levels in the 
presence of TA were observed, whereas an important depression of acetic acid production 
was found. This production was totally inhibited at a concentration of 2.5 g/l, which seems 
to indicate that TA could be a specific inhibitor of the acetic-acid-producing microflora. 
Nevertheless, further microbiological studies are needed to establish relationships between 
the production of individual SCFA by bacterial populations in the presence of different 
dietary substrates, which are practically unknown due to the complexity of the colonic 
microflora. 

Similar results were obtained when glucose was added to the fermentation system as a 
readily fermentable substrate (Table 7). Acetic acid production was always diminished by 
the assayed EPP, with variable effects on propionic and butyric acid levels depending on 
the type and concentration of the PP. This assay confirms the inhibitory effect of both 
catechin and TA on colonic fermentation. 

The recoveries of catechin and TA in the fermentation residue also followed different 
patterns. The amount of catechin recovered (as a percentage of the amount initially added) 
varied between 40 and 60 %. TA was recovered at a much higher concentration (75-95 % 
of the initial amount in the fermentation system). Considering that less than 5 %  of the 
ingested catechin and TA were recovered in faeces in the in vivo experiment, these results 
suggest that absorption of a high proportion of catechin and TA derivatives takes place in 
the intestinal tract. 

Both fermentation and absorption processes occur in the intestine, but flavanol-PP 
structures seem to be more affected by fermentation than gallic acid ones. 

The determination of TA and catechin in the fermentation residues was carried out using 
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the Folin-Ciocalteau reagent. This method is unspecific for phenolic compounds. Thus, it 
is possible that not only degradation but further structural modifications of these 
compounds occurred during fermentation. Chesson et al. (1982) and Jung & Fahey (1983) 
have reported that some rumen micro-organisms may be capable of substantial metabolism 
of phenolic monomers in vitvo, involving structural changes and resulting in low recoveries 
of the phenolics. 

TLC analyses were performed in order to study the presence of degradation products in 
the fermentation residues. Portions from the fermentation performed in the presence of 
catechin produced faint green and light blue spots under U.V. light. These spots were 
different from the dark one near to the origin produced by catechin. Additional fuming of 
the plates with NH, did not produce colour changes. The range of coloured spots from 
catechin derivatives is a likely indication that they represent phenolic compounds with 
structures related to flavonols. 

Degradation of TA in the fermentation system was also detected by one-dimensional 
TLC. TA appeared as a dark spot near to the origin (Rf 0.15), whereas fermented samples 
showed a dark spot at a Rf value of 0.54, and a blue spot (Rf 0.35) immediately after 
spraying with the Folin-Ciocalteau reagent. This may indicate the presence of phenols with 
catechol or hydroquinone nuclei derived from the TA. Microbial degradation of TA has 
been reported (Deschamps et al. 1983; Deschamps, 1989), and the only degradation 
products obtained were gallic acid and traces of digallic and trigallic acids (Deschamps & 
Lebeault, 1981). 

C O N C L U S I O N S  

Only small amounts of ingested catechin and TA appear in faeces with structural 
modifications, indicating that intestinal absorption and degradation have occurred. 

Both polyphenolic compounds affect the production of SCFA from carbohydrate 
substrates during bacterial colonic fermentation. Catechin and TA are also degraded in this 
process. 

TA induces an increase in total dry matter excretion, as well as in the fat, protein and 
water contents of faeces. Catechin only affects the fat excretion. 

The authors wish to acknowledge Dr F. A. Tomas-Barberan for assistance in HPLC 
analysis. The financial support of the Spanish Comision Interministerial de Ciencia y 
Tecnologia (Project ALI 89-055 1) is acknowledged. 
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