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Abstract

In vitro gut fermentation systems are relevant tools to study health benefits of foodstuffs. Most of them are commonly used to investigate

the degradation of nutrients or the development of gut flora. Using these models, strong cytotoxic effects of the resulting samples on cul-

tured cells were observed. Hence, the aim of the present study was to develop a modified in vitro fermentation model that simulates the

whole digestive tract and generates fermented samples that are suitable for testing in cell culture experiments. Wholemeal wheat flour

(wwf) was digested and fermented in vitro with a fermentation model using different ox gall concentrations (41·6 and 0·6 g/l). The result-

ing fermentation supernatants (fs) were characterised for metabolites and biological effects in HT29 cells. The fermentation of wwf

increased chemopreventive SCFA and decreased carcinogenic deoxycholic acid (DCA). The strong cytotoxic effects of the fs, which

were partly due to cholic acid and DCA, were diminished by lowering the ox gall concentration, allowing the use of the samples in

cell culture experiments. In conclusion, an in vitro digestion model, which can be used to study the effects of foodstuffs on chemopreven-

tion and gut health in colon cells, is introduced and its physiological relevance is demonstrated.

Key words: Chemoprevention: Deoxycholic acid: Fermentation: SCFA: Wheat

Several epidemiological studies have suggested that diet

and lifestyle play a major role in carcinogenesis, especially

in colon cancer(1,2). The gastrointestinal tract (GIT) is con-

tinuously exposed to xenobiotics and endogenous metab-

olites, which can cause colorectal cancer or other diseases

of the colon such as inflammatory bowel disease. Thus,

chemoprevention of colorectal cancer is a major concern

for improving public health. The consumption of dietary

fibre from fruits and grains might be associated with a

reduced risk of colorectal cancer development, whereby

high but also lower amounts may exert beneficial

effects(3,4). Nevertheless, it is apparent that more detailed

studies are needed on how different types of foods and

dietary fibres contribute to gut health and how they may

act on a molecular basis. In particular, it is of interest

to better understand overall metabolism, the roles of indi-

vidual compounds formed during the process of gut

fermentation and how these fermentation metabolites

interact with each other in a chemopreventive mode of

action with colon epithelial cells. Therefore, to characterise

the in vivo situations more precisely, it makes sense to

determine the underlying mechanism in vitro. In vitro

gut fermentation systems are thought to reflect conditions

in the GIT which make them a relevant tool, with the

advantages of low costs and relatively easy performance,

to study health benefits and risks of foodstuffs and nutri-

ents, metabolites of food digestion as well as effects on

the colonic microflora. To determine how the intestinal

epithelium is influenced by different gut metabolites in

detail, it is useful to investigate the effects of fermentation

samples in colon cell culture experiments. Only a few such

cell culture studies are available, and most of them investi-

gated the effects of fermentation samples from single

substances, in particular dietary fibre, obtained from

basic in vitro fermentation models that only mimic the

large intestine(5–8). Those studies highlighted the positive
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effects of fermentation samples on colon cancer prevention

by mechanisms that could retard tumour promotion and

progression. The research of complex foodstuffs (e.g.

wheat flour) on colon cancer prevention is more difficult

because next to the fermentation process, the digestion

and absorption of nutrients should be additionally taken

into account. So far, detailed evidence is missing how the

resulting fermentation products of complex foods interact

with human colon cells.

Several in vitro models including a simple single-batch

fermentation system described by Barry et al.(9) as well

as more complex multistage continuous models(10–14),

which can simulate selected or all passages of the whole

digestive tract, have been developed. Since samples from

previous in vitro multistage continuous systems have

been shown to have cytotoxic effects in cell culture experi-

ments(7), they are only used to elucidate the role of micro-

biota in the metabolism of all non-digestible parts of the

diet(15) and to analyse fermentation products, e.g. SCFA,

bile acids and NH3
(13). Fassler et al.(7) suggested that the

high cytotoxic activity of the fermentation samples is prob-

ably due to compounds (especially bile acids) added

during in vitro fermentation which made them unsuited

for any of the cell-based bioassays for cancer. In addition,

they also showed a high cytotoxicity of the bile acid deoxy-

cholic acid (DCA)(7). Moreover, several other researchers

have reported that bile acid concentration is highly corre-

lated with the cytotoxicity of faecal water(16–18). So far,

information about a toxic influence of other compounds

required during the process does not exist.

Therefore, the aim of the present study was to establish a

new in vitro model, simulating the whole GIT based on

two previously designed models by Barry et al.(9) and

Aura et al.(19), suitable for subsequent cell culture exper-

iments. A reduction of the added ox gall concentration to

0·6 g/l in our newly established model simulating the

whole digestive tract is thus a critical parameter to use

these samples in cell culture experiments. Therefore, the

samples obtained using an optimised in vitro model proto-

col may be used to study the effects of different foodstuffs

on colon cell lines and can therefore improve the outcome

of in vitro studies. Moreover, fermentation products (SCFA

and bile acids), generated by using different in vitro model

conditions, were determined, and the influence of the

samples on the number of HT29 colon cancer cells was

measured. Furthermore, the efficiency of digestive

enzymes and dialysis, which simulates the absorption of

small molecular metabolites, was investigated.

Materials and methods

Dietary fibre sources

Wholemeal wheat flour (wwf) from Kampffmeyer Food

Innovation GmbH (Hamburg, Germany) was used as a

source of dietary fibre. The composition of wwf was

reported by Borowicki et al.(20). Synergy1w, a commercially

available mixture of inulin enriched with oligofructose,

was obtained from Orafti (Tienen, Belgium). To maintain

the stability of samples, aliquots were prepared and

stored in air- and light-proof flasks at 48C.

Fermentation of dietary fibre sources

Wwf was digested and fermented in vitro in a batch culture

system according to Aura et al.(19,20) and Barry et al.(9) with

some modifications (Fig. 1). In detail, simulation of the

10 g/l Fermentable sample in
fermentation buffer*

α-Amylase

Mouth simulation
(5 min)

Stomach simulation
(2 h, pH 2·0)

Intestinal extract
(pancreatin and ox gall*)

Duodenum simulation
including dialysis*

(6 h, pH 6·5)

Faeces inoculum

Colon simulation
(24 h, pH 6·5)

Centrifugation (16 000 g, 4°C) and
sterilisation (pore size 0·22 µm)

Fermentation supernatants
(blank I and II, wwf I and II, Synergy1)

Pepsin

Fig. 1. Procedure of the in vitro fermentation method according to Aura

et al.(19,20) and Barry et al.(9) with some modifications (denoted by *). In

detail, simulation of the upper gastrointestinal tract designed by Aura et al.(19)

was modified by the insertion of a dialysis step for the removal of the

digested products and by the change of the amount as well as the solvent for

the samples before mouth simulation. So, the samples were dissolved

according to the protocol designed by Barry et al.(9) using a potassium phos-

phate fermentation buffer (0·1 M, pH 7·0) instead of a nutritive medium. The

faecal control (blank) and wholemeal wheat flour (wwf) were digested and

fermented using 41·6 g/l (I) or 0·6 g/l (II) of ox gall in the intestinal extract.

Synergy1w was digested and fermented using 0·6 g/l (II) of ox gall in the

intestinal extract.
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upper GIT designed by Aura et al.(19) was modified by the

insertion of a dialysis step for the removal of the digested

products and by the change of the amount as well as the

solvent for the samples before mouth simulation. So, the

samples were dissolved according to the protocol designed

by Barry et al.(9) using a potassium phosphate fermentation

buffer (0·1 M, pH 7·0) instead of a nutritive medium. Two

fermentation series, with different ox gall concentrations

(fermentation I, 41·6 g/l; fermentation II, 0·6 g/l) in the

intestinal extract for simulation of the small intestine,

were conducted. Dietary fat accounts for 30 % of the

body’s energy requirement per day considering a balanced

diet. This results in a daily secretion of 20–30 g bile acids

during the digestion of foods containing a moderate fat

content(21). Hence, with regard to fat content and amount

of the applied wheat source, a theoretical value of 0·6 g/l

ox gall in the intestinal extract is required to achieve

more physiological bile acid concentrations during the

in vitro simulation of digestion. Moreover, for the statisti-

cal evaluation of the fermentation procedure, the well-

characterised dietary fibre source Synergy1w was digested

and fermented in vitro in three repetitions.

Wwf was weighed (0·5 g fermentable material) into glass

bottles and mixed with 10 ml potassium phosphate buffer

(0·1 M, pH 7·0). A sample without wwf was used as a con-

trol (blank). All the following incubations were performed

at 378C in a continuously shaking water-bath. Salivary

a-amylase (Sigma, Taufkirchen, Germany) diluted to

1000 U/ml with 20 mM-sodium phosphate buffer (17·36 U/

sample) and 0·85 % (w/v) NaCl were added, and the

samples were incubated for another 5 min. HCl solution

(150 mM, 2·81 ml) was added to lower the pH to 2·0.

Pepsin (Sigma) dissolved in 0·94 ml of 20 mM-HCl was

added to each sample and incubated for 2 h at 378C. An

intestinal extract was prepared by dissolving 208 mg

(fermentation I) or 3 mg (fermentation II) ox gall (Fluka-

Sigma), respectively, and 2·6 mg pancreatin (Sigma) in

5 ml sodium bicarbonate buffer (11 mM, pH 6·5). This sol-

ution (5 ml) was added to each sample or blank, the pH

was adjusted to 6·5 using NaOH solution (10 M) and the

suspension (25 ml) was transferred into a dialysis tube

(molecular weight cut-off 1000 Da) (Roth, Karlsruhe,

Germany). The tubes were placed into glass bottles filled

with 2 litres of the dialysis buffer (13·61 g potassium

phosphate and 1·88 g sodium bicarbonate dissolved in dis-

tilled water, pH 6·5) and incubated for 6 h at 378C under

semi-anaerobic conditions. Semi-anaerobic conditions in

the glass bottles were achieved by removing a part of

the air with an injected cannula (0·5 bar for 1 min) and,

subsequently, filling the bottles with the fermentation gas

mixture (86 % N2, 10 % CO2 and 4 % H2 at 378C) via the

cannula (0·8 bar for 1 min). After 15 min (seven cycles

repeated), the cannulae were removed. At the end of the

incubation, the suspension was transferred from the dialy-

sis tube into a 500 ml glass bottle, and the pH of each

sample was measured.

Thereafter, the in vitro fermentation was performed

according to the method described by Glei et al.(5).

Faecal homogenate (25 ml) was mixed with the digested

wheat samples (as previously described; final concen-

tration of wheat sample: 10 g/l), and the pH was adjusted

to 6·5 using NaOH solution (10 M). In vitro fermentation

was conducted under anaerobic conditions which were

achieved by removing the available air with an injected

cannula (0·5 bar for 1 min). Subsequently, the bottles

were filled with the fermentation gas mixture via the can-

nula (0·8 bar for 1 min). After 30 min (fifteen cycles

repeated), the cannulae were removed and the fermenta-

tion suspensions were incubated for 24 h in a shaking

water-bath at 378C. Afterwards, the fermentation process

was stopped by placing the suspensions on ice, and the

pH was measured with a pH meter (Hydrus 300; Fisher-

brand, Schwerte, Germany). Each sample was centrifuged

(4200 g at 48C) for 30 min. Supernatants were centrifuged

again (4200 g at 48C) for 15 min and stored at 2808C.

Before sterilisation of the fermentation supernatants (fs),

the samples were thawed quickly, aliquoted in 2 ml tubes

and centrifuged (16 000g at 48C). Afterwards, the fs were

sterilised by filtration (pore size, 0·22mm) to obtain the

final fs for use in cell culture experiments.

To investigate the functionality of digestion enzymes

and dialysis during wwf digestion, the remaining suspen-

sions, dialysates (dialysis buffer containing low-molecular

(,1000 Da) digested products and bile acids) and reten-

tates (suspension in the dialysis tube), obtained by simu-

lation of mouth to the small intestine using 0·6 g/l ox gall,

were stored at 2808C until further analysis.

Determination of bile acids

Bile acids were determined in the intestinal extract, reten-

tate as well as dialysate, and in all fs by HPLC-MS/MS.

Therefore, the fs were diluted 1:10 using potassium phos-

phate buffer. In total, 20ml cholic acid (CA)-d4 (50mg/ml)

were added as an internal standard. The sample enrich-

ment was performed by neutral solid-phase extraction

with 200 mg 101 sorbent columns (Separtis, Grenzach-

Wyhlen, Germany). The columns were preconditioned

with 10 ml methanol, 15 ml distilled water and 5 ml potass-

ium phosphate buffer. The sample was applied onto the

cartridge and allowed to pass through by gravity and

water jet vacuum pump. Afterwards, the cartridge was

washed with 10 ml distilled water and dried with N2, and

the bile acids were eluted with 5 ml methanol. The eluted

substances were dried at 458C under N2, and the residue

was dissolved in 1 ml 10 mM-NH4OAc–acetonitrile (50:50,

v/v). HPLC-MS/MS was performed according to Burkard

et al.(22) with an Agilent 1100 Series HPLC system (Agilent,

Waldbronn, Germany). Bile acids were separated on an

RP-C8 column (100 £ 4 mm, 5mm; MZ-Analysentechnik,

Mainz, Germany). The injection volume was 20ml. The

mobile phase consisted of 10 mM-ammonium acetate
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buffer, pH 5·0, containing 0·012 % formic acid (eluent A)

and acetonitrile (eluent B). The eluents were linearly chan-

ged from 70 % A and 30 % B to 30 % A and 70 % B within

38 min, held for 10 min, and finally adjusted to the original

ratio of 70 % A and 30 % B within 2 min and held for 15 min

to equilibrate the column. The column flow rate was set to

0·5 ml/min during the entire analysis. The detection of bile

acids was performed with a tandem mass spectrometer API

4000 (Applied Biosystems/MDS SCIEX, Toronto, Canada)

equipped with an ESI ionisation source operating in the

negative mode at 24·5 kV at 4508C. Bile acids were

recorded in the multiple-reaction-monitoring mode at

m/z 407·2 ! 343·2 CA, m/z 411·2 ! 347·2 (CA-d4) and

m/z 391·2 ! 345 DCA. A validation of the method was

done using enriched standards from 0·02 to 2·0 mg/l (n 3).

Repeatability, standard deviation, limit of detection and

limit of quantification were calculated according to the

German Standard DIN 32 645.

Analysis of glucose concentrations

The amount of glucose was analysed in the retentate

and dialysate as well as in the starting raw material by

high-performance anion-exchange chromatography on a

DIONEX BioLC system (DIONEX Corporation, Sunnyvale,

CA, USA) according to Hollmann & Lindhauer(23).

Determination of SCFA

SCFA in the fs were determined by GC combined with MS

(GC/MS) as described by Wang et al.(24) with some modifi-

cations. Briefly, the fs were diluted 1:50 using potassium

phosphate buffer to a final volume of 1 ml, and 2-ethyl

butyric acid was added as an internal standard. The

samples were acidified with 20ml HCl solution (32 %),

and SCFA were extracted by shaking the samples two

times with 700ml tert-butyl methyl ether. The organic

phases were collected, and 1 ml of the respective organic

phases was derivatised with 20ml trimethylsulphonium

hydroxide solution (Fluka, Buchs, Switzerland) in metha-

nol (10 %, v/v) for 20 min at room temperature. In total,

2ml aliquots of the derivatisated samples were injected

into a GC-MS (Varian Saturn 2000) onto a Stabilwax-DA

column (30 m £ 0·25 mm internal diameter £ 0·25mm;

Restek, Bellefonte, PA, USA). He gas was used as a carrier.

The chromatographic conditions were as follows: 608C

held for 2 min, 108C/min until 1508C, held for 1 min and

508C/min until 2408C, held for 10 min. For the detection

of the SCFA, the mass spectrometer was used in the

full-scan mode. A method validation was carried out

using enriched six-point calibration functions from 5 to

100 mg/l (n 3). Repeatability, standard deviation, limit of

detection and limit of quantification were calculated

according to the German Standard DIN 32 645.

Preparation of synthetic bile acid mixtures

The preparation of the synthetic mixtures of the two main

bile acids, CA and DCA, contained in the fs blank and wwf

of fermentation I and II was based on the analysis of bile

acids in the fs I and II from our present experiments. Inves-

tigations using the synthetic mixtures were expected to

reveal which cellular effects were caused by the bile

acids in the fs. Therefore, sodium cholate hydrate

(Sigma) and sodium deoxycholate (Sigma) in the deter-

mined concentrations were dissolved in Dulbecco’s modi-

fied Eagle’s medium (Gibco BRL, Eggenstein, Germany)

cell culture medium supplemented with 10 % fetal calf

serum.

Cell culture

The human colon adenocarcinoma cell line HT29 was

established in 1964 by Fogh (Memorial Sloan-Kettering

Cancer Centre, New York, NY, USA)(25) and was obtained

from the German Collection of Microorganisms and Cell

Cultures (Braunschweig, Germany). The cells (passages

30–40) were maintained as a subconfluent monolayer cul-

tured in a supplemented Dulbecco’s modified Eagle’s

medium at 378C in a 95 % humidified incubator (5 %

CO2). The cultured cells were trypsinised with 5 ml of tryp-

sin–versene (1:10, v/v) for 4 min and subcultivated at

dilutions of 1:5 to 1:10 in T75 flasks. In regular intervals,

a mycoplasma test (MycoAlerte Detection Kit; Lonza Rock-

land, Inc., Rockland, ME, USA) was performed, and con-

tamination with mycoplasma was excluded.

Measurement of the cell number

The determination of cytotoxicity of different test

substances mainly proceeds by indirect (e.g. 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) and 40,6-diamidino-2-phenylindole (DAPI) assay)

or direct measurements (e.g. trypan blue exclusion test)

of the cell number as an accepted marker which is often

used in in vitro studies(26–29). We decided on the DAPI

assay by which the amount of the measured DAPI-labelled

DNA is related to the number of cells.

The number of colon cells was determined in ninety-

six-well microtitre plates. At 24 h after seeding, the cells

were incubated with 2·5–20·0 % (v/v) of all fs diluted in

Dulbecco’s modified Eagle’s medium to determine cytotox-

icity. After 24, 48 and 72 h, the cell number was measured

as described(30). Results were calculated on the basis of the

medium control which was set to equal 100 %.

Statistical analysis

All experiments apart from the fermentation (I and II) of

wwf were conducted independently at least three times.

Means and standard deviations were calculated from at
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least three independent experiments. Differences were cal-

culated with GraphPad Prism version 5.02 for Windows

(GraphPad Software, Inc., San Diego, CA, USA) using

one- or two-way ANOVA with Bonferroni’s post-test with

selected pairs or Student’s t test. The statistical analyses

used depended on the respective experimental design

and are specified in the legends to the figures and tables.

Results

Bile acids in fermentation supernatants

It is important to note that the two applied ox gall concen-

trations contained different amounts of bile acids (fermen-

tation I: 645mM-CA, 423mM-DCA; fermentation II: 9mM-CA,

6mM-DCA). Levels of bile acids, both CA and DCA, in the fs

were in general higher than those in the applied intestinal

extracts, due to the added faecal sample. High concen-

trations of CA were detected in fs blank I (1562mM) and

in fs wwf I (656mM). The concentration of DCA was highest

in the fs blank I (502mM). The use of the low ox gall con-

centration resulted in a reduced amount of DCA in fs wwf

II (2mM) and in fs blank II (26mM). Noteworthy is the fact

that the fermentation of wwf reduced the potential toxic

secondary bile acid DCA independently of the ox gall con-

centration (wwf I, 2mM; wwf II, 2mM).

SCFA and pH in fermentation supernatants

The fs were further characterised for their contents of SCFA

and pH after 24 h anaerobic fermentation. The amount of

SCFA in both fs wwf I and II was markedly increased in

comparison with the respective fs blank (Table 1). The

amount of butyrate was highest in fs wwf II. Furthermore,

the relative proportion of butyrate slightly increased. Inter-

estingly, the relative and absolute propionate concen-

trations in the samples of fs I were higher than those in

the fs II samples, whereas butyrate levels increased in the

latter. Fermentation of wwf resulted in a clearly decreased

pH compared with the fs blank. Lowered pH may reflect

the increased total amount of the SCFA by active

microflora.

Effects of fermentation supernatants on the cell growth of
HT29

Fig. 2 shows the effects of the fs blank and fs wwf of fer-

mentation I and II on the cell growth of HT29 cells. The

treatment of HT29 cells with the fs of fermentation I (fs

blank and fs wwf) and II (fs blank and fs wwf) resulted

in a significant time- and dose-dependent decrease of sur-

viving cells. In comparison, the effects of fs blank I were

significantly different from those of fs blank II, whereby

fs blank I was the most cytotoxic of all samples with an

inhibitory concentrations leading to 50 % reduction of cell

number of 14·1 (SD 1·2) % (Table 2) after 24 h of treatment.

The reduced cytotoxicity of fs blank II with an inhibitory

concentrations leading to 50 % reduction of cell number

of 13·4 (SD 1·1) %, which was reached only after 48 h, indi-

cates that residual ox gall must be involved in the

reduction of the cell number. Moreover, fs blank I was

more cytotoxic than the corresponding fs wwf I, whereas

fs wwf II was more effective than fs blank II in the inhi-

bition of cell growth.

Effects of synthetic mixtures of cholic acid and
deoxycholic acid on the number of HT29 cells

To characterise the role of bile acids in the inhibition of cell

growth, HT29 cells were treated with synthetic mixtures of

CA and DCA, which were prepared according to their cor-

responding complex fs blank and fs wwf of fermentation I

and II, respectively (Fig. 3). The number of HT29 cells was

only decreased time dependently by the synthetic bile acid

mixture of fs blank I (48 and 72 h). However, in compari-

son with the complex fs blank I (Fig. 2), it was significantly

less effective. All other synthetic mixtures of complex fs (fs

wwf I, fs blank II and fs wwf II) had no effect on the cell

number.

Efficacy of digestion enzymes and dialysis

To investigate the efficiency of digestion and dialysis, we

characterised the retentate and dialysate (0·6 g/l ox gall in

the intestinal extract) for their contents of glucose and

bile acids. Digestion of wwf resulted in a total increased

amount of glucose in the dialysate (3·64 mg absolute) and

retentate (12·64 mg absolute) compared with the raw

material (0 mg). This demonstrates an effective enzymatic

degradation of starch and at least partial dialysis of glucose

during simulation of the small intestine. Furthermore, most

of the amounts of the inserted bile acids, CA (blank,

510mM; wwf, 380mM) and DCA (blank, 330mM; wwf,

260mM) were found in the dialysates (blank: 360mg CA,

280mg DCA; wwf: 230mg CA, 190mg DCA), which also

proofed the functionality of dialysis during simulation of

the upper digestive tract.

Table 1. Concentration and molar ratios of SCFA as well as pH in
fermentation supernatants (fs) of the faecal control (blank) and whole-
meal wheat flour (wwf) after fermentation I (41·6 g/l ox gall) and II
(0·6 g/l ox gall)

fs blank I fs wwf I fs blank II fs wwf II

pH 6·61 5·19 6·54 5·09
SCFA (mM)

Acetate 23·49 60·68 24·15 74·00
Propionate 17·61 53·38 12·15 23·67
Butyrate 5·62 17·85 9·48 30·30

Total SCFA (mM) 46·72 131·91 45·77 128·50
Ratio of SCFA (%) 50:38:12 46:40:14 53:27:20 58:19:23
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Statistical evaluation of fermentation II

In order to statistically validate the newly established fer-

mentation protocol II, Synergy1w, a well-analysed dietary

fibre, was fermented in three independent experiments

according to the protocol described in Fig. 1. Key par-

ameters, namely concentrations of SCFA and bile acids,

were then analysed in the obtained fs. The fermentation of

Synergy1w resulted in a strong and significant decrease

of DCA (2·23 (SD 2·07)mM) and a non-significant decrease

of CA (0·27 (SD 0·19)mM) compared with the fs blank

(DCA, 36·06 (SD 10·27)mM; CA, 0·36 (SD 0·12)mM) (Table 3).

The total SCFA concentration in the fs Synergy1w was about

a threefold increase (P,0·1) in comparison with the blank.

In addition, a significant increase of butyrate by approxi-

mately fourfold was observed (blank, 6·65 (SD 2·52)mM;

Synergy1w, 27·28 (SD 2·64)mM). The values of the increase

in total SCFA as well as butyrate were almost comparable

to those obtained by the fermentation II from wwf (total

SCFA, threefold; butyrate, threefold; Table 1), which also

attributes to the use of the same amount of the fermentable

substance of each sample. Thus, these results statistically

support the reproducibility of the established protocol of

fermentation II.

Discussion

SCFA production

Major metabolites of the gut flora-mediated fermentation of

foodstuffs are SCFA, which result in a lower pH in the

colon. Special attention is being paid to the ratio of

SCFA, since they exhibit different physiological functions

and effects. Various population survey data showed that
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Fig. 2. Effects of fermentation supernatants (fs) I (upper graphs) and II (lower graphs) of the faecal control (blank, B) and wholemeal wheat flour (wwf, W) using

41·6 or 0·6 g/l of ox gall in the intestinal extract on the HT29 cell number after 24 h (A), 48 h (B) and 72 h (C) incubation. The signal of the medium control was set

to equal 100 %. Values are means with standard deviations depicted by vertical bars (n 3). a One-way ANOVA with Bonferroni’s post test with selected pairs was

used to calculate the differences to the medium control (P,0·05). b Two-way ANOVA with Bonferroni’s post test was used to calculate the differences between

blank and wwf (P,0·05).

Table 2. Inhibitory concentrations leading to a 50 % reduction of cell
number (EC50) after incubation of HT29 cells with fermentation
supernatants (fs) of the faecal control (blank) and wholemeal wheat
flour (wwf) after fermentation I (41·6 g/l ox gall) and II (0·6 g/l ox gall)*

(Mean values and standard deviations, n 3)

EC50 (%)

fs blank I fs wwf I fs blank II fs wwf II

Mean SD Mean SD Mean SD Mean SD

24 h 14·1 1·2 £ £ £

48 h 6·3 1·1 8·6b 0·8 13·4c 1·1 7·7b 1·7
72 h 3·9 0·5 6·5b 0·5 9·8c 0·8 4·6b 0·4

£ , EC50 was not achieved.
* Student’s t test was used to calculate the differences between the respective

fs blank (b: P,0·05) and between the respective sample of the fermentation
I and II (c: P,0·05).
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faecal SCFA production is in the order of acetate .

propionate . butyrate in a molar ratio of approximately

60:20:20 to 60:25:15, respectively(31,32). Total SCFA concen-

trations have been found to range from 49 to 147 mM

depending on the consumed diet as well as the region of

the colon(33). In the present study, the total SCFA concen-

trations increased after both fermentation series of the

wheat samples from 47 and 45 mM to 132 and 128 mM,

respectively, as well as after the fermentation of Syner-

gy1w from 45 to 118 mM. Therefore, the detected values

are comparable to physiological concentrations. These

results are in line with previous studies using a simple

in vitro fermentation model according to Barry et al.(9),

in which SCFA concentrations increased two- to threefold

compared with the faecal control after the fermentation

of arabinoxylans(5) and Synergy1w(34).

In the present study, the statistical evaluation of the com-

plex fermentation model II demonstrated the reproducibil-

ity by a comparable increase of total SCFA and butyrate

after each fermentation (n 3) of Synergy1w. Furthermore,

in other studies using the introduced in vitro fermentation

II to digest a number of different substrates, namely wwf,

wheat bran, wheat aleurone(20) as well as of different

wheat and rye breads (our unpublished results) and nuts

(our unpublished results), a comparable increase in the

amounts of SCFA was detected. In addition, the reproduci-

bility of the underlying in vitro fermentation simulating the

colon was approved in a European interlaboratory study

during the estimation of fermentability of dietary fibre

sources by Barry et al.(9). Here, in most cases, very similar
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Fig. 3. Effects of corresponding synthetic mixtures (syn. mix.) of cholic acid and deoxycholic acid of the complex fermentation supernatants I (upper graphs) and

II (lower graphs) of the faecal control (blank, B) and wholemeal wheat flour (wwf, W) using 41·6 or 0·6 g/l of ox gall in the intestinal extract on the HT29 cell number

after 24 h (A), 48 h (B) and 72 h (C) incubation. The signal of the medium control was set to equal 100 %. Values are means and standard deviations depicted by

vertical bars (n 3). a One-way ANOVA with Bonferroni’s post test with selected pairs was used to calculate the differences to the medium control (P,0·05).

Table 3. Concentrations and molar ratios of SCFA as well as concen-
trations of bile acids (cholic (CA) and deoxycholic acid (DCA)) in
fermentation supernatants (fs) of the faecal control (blank) and
Synergy1w after fermentation II using 0·6 g/l ox gall*

(Mean values and standard deviations, n 3)

fs blank fs Synergy1w

Mean SD Mean SD

SCFA (mM)
Acetate 16·71 4·39 43·23(b) 18·52
Propionate 7·08 4·39 12·50 9·23
Butyrate 6·65 2·52 27·28b 2·64

Total SCFA (mM) 30·44 30·44 83·01(b) 30·35
Bile acids (mM)

CA 0·36 0·12 0·27 0·19
DCA 36·06 10·27 2·23b 2·07

* Student’s t test was used to calculate the differences to the fs blank (b: P,0·05).
Parentheses denote the effect varying by trend (P,0·10).

K. Stein et al.684

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114510004320  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114510004320


results regarding SCFA production were found during a

ring test, even though some interlaboratory differences of

unknown origin remained.

The ratio of SCFA shifted slightly from acetate to pro-

pionate and butyrate (fermentation I) or to butyrate only

(fermentation II) during the bacterial fermentation of

wwf. In addition, fermentation (series II) of Synergy1w

showed a shift towards butyrate which was comparable

to wwf II. A particular interest in butyrate has arisen

because of its potential preventive role against colon

cancer(35). Butyrate can have numerous biological effects,

such as inducing apoptosis in tumour cells(36) and protect-

ing cells from genotoxic insults by elevating phase II

detoxification(37,38). Therefore, the high production of

SCFA in vitro is possibly an indication of protective effects

by the diet.

Interestingly, the physiological amount of propionate

constituting 20–25 % of the total SCFA amount clearly

exceeded during fermentation I, whereas the concentration

after fermentation II was still physiological(31,32). Zampa

et al.(39) showed that after the fermentation of xylo-

oligosaccharides, propionate concentrations were high

after 6 d of fermentation and then decreased, while buty-

rate started with low values and then increased to its high-

est values. During the first 6 d, the primary bile acid CA was

converted into the corresponding secondary bile acid DCA

with a conversion rate of more than 90 %. Additionally, it

was observed that primary bile acid metabolism and

the production of butyrate are inversely related during fer-

mentation. Therefore, our observed high-propionate and

low-butyrate proportions could possibly be a result of a

reduced growth of butyrate-producing bacteria caused by

the high-bile acid concentrations used in fermentation I.

Bile acid production

In general, our investigations showed that the fermentation

of wwf and Synergy1w resulted in low levels of the second-

ary bile acid DCA, produced by bacterial conversion of pri-

mary bile acids. DCA has shown tumour-promoting

properties by acting directly on the mucosa or by promot-

ing the effects of carcinogenic substances present in the

intestine(39). Thus, the reduction of DCA can be regarded

as positive in terms of colon cancer prevention. Besides

reducing the solubility of bile acids, the lower pH can

also reduce the activity of 7a-dehydroxylases, which are

responsible for the conversion of primary to secondary

bile acids(40). Additionally, DCA may bind to dietary

fibre, as has been demonstrated for CA and chenodeoxy-

cholic acid by Elhardallou(41) who showed the binding of

these bile acids by a fibre-rich fraction of different legumes.

These results suggest that the dietary fibre sources wwf and

Synergy1w may reduce the amounts of carcinogenic DCA

in the colon. This finding is in line with the studies of

our group using different sources of dietary fibres(34,42).

Effects on cell number

Several in vitro studies have indicated that SCFA, especially

butyrate, reduce the growth of transformed colon

cells(6,34,42), a parameter of secondary chemopreven-

tion(43). The generated fs used in the present study also

led to an efficient reduction of the number of HT29 cells,

whereas fs blank I exhibited the strongest effect. A syn-

thetic mixture of CA and DCA of the corresponding com-

plex fs blank I reduced the growth of HT29 cells

significantly but less than the corresponding fs. Therefore,

bile acids are apparently involved in growth reduction by

fs blank I, but other factors in the complex fs seem to

enhance these effects. A study by Shiraki et al.(44) supports

these findings, because 100mM-DCA reduced the prolifer-

ation rate of HT29. The change in ox gall concentration

(0·6 g/l) used for the in vitro fermentation II resulted in

fs wwf II, which was more effective in reducing cell

growth than the corresponding blank II. Noteworthy, the

less decreasing activity of fs blank II is comparable with

other faecal controls, which were obtained with a single

in vitro fermentation system and successfully used in

further cell culture experiments(5,34). Therefore, under

these more physiological conditions comparable to a

daily secretion of 20–30 g bile acids(21), the contained

SCFA seem to be more important for the reduced cell

growth than the contained reduced concentrations of bile

acids (CA, 66–132mM; DCA, 0·2–0·4mM). Additionally,

other ingredients of the fs such as antioxidant and anti-

mutagenic compounds such as hydroxycinnamic acids

might have contributed to the detected inhibition of cell

growth, as was suggested by Beyer-Sehlmeyer et al.(6).

However, the high ox gall concentration (41·6 g/l) that

was used for other in vitro models of digestion and for

our fermentation I resulted in highly cytotoxic fermenta-

tion samples, and the contained bile acids apparently

masked the effects of other, more physiological metab-

olites such as SCFA. A reduction of the ox gall to 0·6 g/l

in our newly established model simulating the whole

digestive tract is thus a critical parameter to use these

samples in cell culture experiments. Therefore, the

samples obtained using this optimised protocol can be

used to study the effects of different foodstuffs on colon

cell lines, and can therefore improve the outcome of

in vitro studies.

Efficacy of in vitro fermentation

Predigestion of starch by a-amylase as well as the sub-

sequent removal of glucose by dialysis is important for

the following in vitro fermentation. It has been previously

demonstrated that the fermentation of starch and glucose

can result in high SCFA concentrations(45,46). Therefore,

these compounds can mask the results of dietary fibre fer-

mentation if these compounds are not previously degraded

and removed.
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In our experiments, an effective degradation of starch

contained in wwf was demonstrated by increased con-

centrations of glucose in the retentate and dialysate.

This reflects the hydrolysis of starch by added a-amylase

and is in accordance with the results of Aura et al.(19).

In addition, this confirmed the subsequent removal of

glucose by dialysis. Furthermore, the detection of the

majority of the inserted bile acids in the dialysate demon-

strated the efficiency of the dialysis. These results thus

indicate that dialysis is an effective step to simulate

absorption of small molecules occurring in the small

intestine. But it has also to be kept in mind that the

presented model is only an approach to physiological

conditions. A complete physiological and selective absor-

ption is limited by the absence of brush border enzymes.

This is, however, a limitation that our model shares with

all other available models simulating human digestion

in vitro.

In conclusion, we introduce a modified in vitro digestion

system that mimics the whole GIT. The samples obtained

with this simulation can be used in cell culture experiments

to study the effects of foodstuffs on colon cells. The

reduction of high ox gall concentrations used in other

models diminished cytotoxic side effects and enables an

unmasked analysis of the effects of fermentation metab-

olites on cells. The fermentation of two different dietary

fibre sources, namely wwf and Synergy1w (inulin enriched

with oligofructose) using the presented system, resulted in

the production of potentially chemopreventive metabolites

such as SCFA, on the one hand, and a reduction of the

tumour-promoting secondary bile acid DCA, on the other

hand. Therefore, the designed protocol can successfully

be used to study the effects of different nutrients and food-

stuffs on colon cancer prevention and general markers of

gut health in human colon cell cultures. Thus, the

described in vitro fermentation model has already proved

to be successful in subsequent investigations studying the

chemopreventive effects (e.g. induction of apoptosis,

differentiation and detoxification) of different fermented

wheat sources(20,47–49).

Acknowledgements

The authors would like to thank the Federal Ministry of

Education and Research, Germany (BMBF 0313829A) for

funding. K. S., A. B., D. S. and M. G. designed the research

and wrote the manuscript. K. S. and A. B. prepared the syn-

thetic mixtures and performed the in vitro fermentation as

well as the experiments on cell number measurements.

K. S., G. B.-W. and U. O. performed the analysis of SCFA

and bile acids and wrote the part describing the corre-

sponding methods. J. H. and M. L. performed the analysis

of glucose. N. W. provided wwf. We gratefully acknowl-

edge the excellent technical assistance by Ms Esther

Woschee. The authors have no conflicts of interest.

References

1. Doll R & Peto R (1981) The causes of cancer: quantitative
estimates of avoidable risks of cancer in the United States
today. J Natl Cancer Inst 66, 1191–1308.

2. Pool-Zobel B, van Loo J, Rowland I, et al. (2002) Experimen-
tal evidences on the potential of prebiotic fructans to reduce
the risk of colon cancer. Br J Nutr 87, Suppl. 2, S273–S281.

3. World Cancer Research Fund/American Institute for Cancer
Research (2007) Food, Nutrition, Physical Activity and the
Prevention of Cancer: a Global Perspective. Washington
DC: AIRC.

4. Tan KY & Seow-Choen F (2007) Fiber and colorectal dis-
eases: separating fact from fiction. World J Gastroenterol
13, 4161–4167.

5. Glei M, Hofmann T, Kuster K, et al. (2006) Both wheat
(Triticum aestivum) bran arabinoxylans and gut flora-
mediated fermentation products protect human colon cells
from genotoxic activities of 4-hydroxynonenal and hydrogen
peroxide. J Agric Food Chem 54, 2088–2095.

6. Beyer-Sehlmeyer G, Glei M, Hartmann E, et al. (2003) Buty-
rate is only one of several growth inhibitors produced during
gut flora-mediated fermentation of dietary fibre sources. Br J
Nutr 90, 1057–1070.

7. Fassler C, Gill CI, Arrigoni E, et al. (2007) Fermentation of
resistant starches: influence of in vitro models on colon car-
cinogenesis. Nutr Cancer 58, 85–92.

8. Klinder A, Gietl E, Hughes R, et al. (2004) Gut fermentation
products of inulin-derived prebiotics beneficially modulate
markers of tumour progression in human colon tumour
cells. Int J Cancer Prev 1, 19–32.

9. Barry JL, Hoebler C, Macfarlane GT, et al. (1995) Estimation
of the fermentability of dietary fibre in vitro: a European
interlaboratory study. Br J Nutr 74, 303–322.

10. Minekus M, Marteau P, Havenaar R, et al. (1995) A multicom-
partmental dynamic computer-controlled model simulating
the stomach and small-intestine. Altern Lab Anim 23,
197–209.

11. Gibson GR, Cummings JH & Macfarlane GT (1988) Use of a
3-stage continuous culture system to study the effect of
mucin on dissimilatory sulfate reduction and methanogen-
esis by mixed populations of human gut bacteria. Appl
Environ Microbiol 54, 2750–2755.

12. Macfarlane GT, Cummings JH, Macfarlane S, et al. (1989)
Influence of retention time on degradation of pancreatic
enzymes by human colonic bacteria grown in a 3-stage con-
tinuous culture system. J Appl Bacteriol 67, 520–527.

13. Minekus M, Smeets-Peeters M, Bernalier A, et al. (1999) A
computer-controlled system to simulate conditions of the
large intestine with peristaltic mixing, water absorption and
absorption of fermentation products. Appl Microbiol Biotech-
nol 53, 108–114.

14. Molly K, Vande WM & Verstraete W (1993) Development of a
5-step multi-chamber reactor as a simulation of the human
intestinal microbial ecosystem. Appl Microbiol Biotechnol
39, 254–258.

15. Aura AM (2005) In vitro digestion models for dietary pheno-
lic compounds. PhD Dissertation, Helsinki University of
Technology.
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