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Abstract

We investigated the effects of pectin with different degrees of methylation (34.5, 70.8, and 92.6%, respectively) on the composition and
concentration of intestinal and fecal bile acids and neutral sterols in conventional and germfree rats. Diets containing 6.5% pectin
(galacturonan) were given for 3 weeks. High concentrations of free and secondary bile acids appeared in cecum and colon of conventional
rats. With increasing degree of methylation, more bile acids were transported into lower parts of intestinal tract and excreted whereas the
proportion of secondary bile acids decreased. In contrast, the composition of bile acids in intestinal contents and feces was relatively
unchanged in germfree rats. Exclusively cholesterol was found as a neutral sterol in germfree rats. Coprostanol appeared in cecum of
conventional rats and additionally coprostanone in colon. Amounts of neutral sterols increased with increasing degree of methylation of
pectin. Additionally, concentrations of bile acids in plasma decreased if the pectin-containing diets were given. Besides the degree of
methylation, the molecular weight of pectin used in the diets influenced concentration and composition of intestinal and fecal steroids in
rats. © 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The cell wall polysaccharide pectin present in fruits and
vegetables consists mainly of long chains of �-1.4-linked
galacturonic acid residues (homogalacturonan) interrupted
by highly branched rhamnose-galacturonic acid sequences
(rhamnogalacturonans I and II). As a dietary fiber (DF) it is
not degraded by intestinal enzymes during the passage of
stomach and small intestine. Therefore, pectin is present in
the upper part of intestinal tract in macromolecular form [1].
Physicochemical and functional properties of pectin - and in
consequence several physiological effects - are influenced
by its structural parameters like the degree of methylation
(DM) that means the degree of esterification of the carboxyl
groups with methanol. In nutritional studies, pectin is ap-

plied mostly in isolated form consisting preferentially of
homogalacturonan.

It is well known that DF may act in different way on the
lipid metabolism [2]. Like other soluble DF, pectin is ca-
pable of reducing plasma LDL-cholesterol levels - a major
risk factor for development of atherosclerosis – especially in
hyperlipidemic humans and animals. This cholesterol-low-
ering effect of the soluble viscous DF seems to be connected
with the transport of bile acids (BA) into lower parts of the
intestinal tract and their increased excretion [3-7]. Thus,
interactions between pectin and BA were found in in vitro
and in vivo studies [8,9]. Despite different theories are
discussed, the mechanisms of these interactions (binding,
adsorption, etc.) are not yet clear [10-15].

The passage of pectin through the small intestine (of
minipigs) was necessary for lowering serum cholesterol
because intracecal infusion of pectin had no effect on total
serum cholesterol levels [16]. Studies with ileostomy pa-
tients showed increased BA (35%) and cholesterol excretion
(14%) after administration of 15 g pectin [17]. Because of
the interactions between pectin and BA in small intestine,
less BA are re-absorbed and therefore more BA are trans-
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ported into the (cecum and) colon where they are deconju-
gated and partly dehydroxylated by enzymes of the micro-
flora [18]. The greater excretion of BA is connected with a
decrease of the BA pool. This effect causes probably the
increased hepatic synthesis of BA and liver depletion of
cholesterol resulting in reduced serum cholesterol levels
[3,19-21]. Further, the short-chain fatty acid (SCFA) propi-
onate produced during fermentation of DF by the intestinal
microflora may inhibit the hepatic cholesterol synthesis
[22]. Additionally, formation of the SCFA causes a drop in
colonic pH. This effect may lower the solubility of the BA
and depress their passive re-absorption in the lower parts of
the intestinal tract.

The effects of molecular and structural parameters of
pectin on the interactions with BA have been hardly inves-
tigated. But it was shown that macromolecular and high-
methoxyl pectins were most effective in lowering plasma
cholesterol in rats [23]. Likewise, Yamaguchi et al. [24]
found that a high molecular weight of pectin is necessary to
repress serum cholesterol in rats. A diet with 3% macromo-
lecular pectin was more effective in reducing plasma cho-
lesterol and excretion of BA and neutral sterols (NS) in
hamsters than pectin with a lower molecular weight [25].
Further it has been shown in vitro that the DM, the arrange-
ment of free carboxyl groups in the galacturonan macro-
molecules, the molecular weight and a derivation of pectin
as well as the pH influence the interactions with bile acids.
However, structural parameters of the BA play also a role in
the extent of interactions with pectin [26,27].

Altogether, the blood cholesterol lowering effect of pec-
tin is mainly due to prevention of absorption of BA from the
intestinal tract. Effects of the structure of pectin on the
steroid transport into the lower parts of the intestinal tract
and on the actions of the microflora (on pectin fermentation
and steroid composition) has been scarcely reported in de-
tail. Therefore, influences of pectin on physiological param-
eters in rats have been investigated in this study. Especially,
the effects of structural parameters of pectin (like DM and
molecular weight) on composition and concentration of BA
and NS in intestinal contents and feces as well as on plasma
lipids were examined in experiments with conventional
(“normal”) and germfree rats. In germfree rats, fermentation
of pectin and actions of bacterial steroid degrading enzymes
are prevented.

2. Methods and materials

2.1. Pectins

High- and low-methoxyl citrus pectins (H and L) without
additives were obtained from Copenhagen Pectin A/S, Lille
Skensved, Denmark, and purified by treatment with acidic
aqueous ethanol. The DM of these macromolecular prepa-
rations H and L was 70.8 and 34.5%, respectively. For
preparation of the very highly methoxylated pectin V (DM

� 92.6%), preparation H was further methoxylated using
methanol/conc. H2SO4. The intrinsic viscosities [�] of the
pectins L, H, and V were 395, 692, and 421 ml/g galactu-
ronan, respectively [1].

The galacturonan content of the pectin preparations was
determined by the m-hydroxybiphenyl method [28]. Methyl
ester groups were analyzed by the chromotropic acid
method [29]. The intrinsic viscosity [�], which is empiri-
cally related to the molecular weight by the Mark-Houwink
relation, was determined in 0.155 mol/L NaCl (high-me-
thoxyl pectins) or in 0.05 mol/L NaCl/0.005 mol/L sodium
oxalate (low-methoxyl pectins) at 25.0°C and pH 6.0 using
an Ubbelohde viscosimeter.

2.2. Steroids

The reference steroids were obtained from the following
sources: Steraloids (Wilton, NH): �-, �- and �-muricholic
acids (MCA), 7-ketodeoxycholic acid (KDCA), 12-keto-
lithocholic acid (KLCA); Sigma (St. Louis, MO): taurode-
oxycholic acid (TDCA), cholic acid (CA), lithocholic acid
(LCA), hyodeoxycholic acid (HDCA), 5�-cholestane and
5�-cholestan-3-one (cholestanone); Fluka (Neu-Ulm, Ger-
many): chenodeoxycholic acid (CDCA), deoxycholic acid
(DCA), ursodeoxycholic acid (UDCA), cholesterol, 5�-
cholestan-3-one (coprostanone); Calbiochem (La Jolla,
CA): taurocholic acid (TCA), taurochenodeoxycholic acid
(TCDCA), tauroursodeoxycholic acid (TUDCA), 7�,12�-
dihydroxy-5�-cholanic acid; Serva (Heidelberg, Germany):
5�-cholestan-3�-ol (coprostanol).

2.3. Animals and diets

Male conventional rats (strain Shoe:Wist) weighing 202
� 11 g were obtained from Tierzucht Schönwalde GmbH,
Germany. The rats were housed individually in temperature
and humidity controlled cages (22 � 2°C and 55 � 5%) on
a 12-h light-dark cycle (light, 06 00–18 00 h).

Adult germfree male rats of the inbred strain AVN/Ipcv-
Wistar (Rehbrücke) weighing approximately 270 g were
obtained from the Germfree Animal Unit of the German
Institute of Human Nutrition, Potsdam-Rehbrücke. The an-
imals were maintained in positive-pressure isolators (Metall
und Plastik, Radolfzell, Germany) and housed individually
in polycarbonate cages on irradiated wood chips (Altromin,
Lage, Germany) at 22 � 2°C and 55 � 5% humidity on a
12-h light-dark cycle (light, 06 00–18 00 h).

Animals were fed the control diet C (conventional rats)
or the irradiated control C# (germfree rats) for 7 days after
arrival. Then the rats were randomly divided into 4 groups
(germfree rats) or 5 groups (conventional rats) and assigned
to the experimental pectin-free (control) or pectin-contain-
ing diets. The animals had free access to diets and water.
The pelleted diets for the experimental groups contained
6.5% pectin (galacturonan). For the experiments with germ-
free rats, the diets were �-irradiated (20 kGy) [1].
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2.4. Sample procedure

Blood was collected at the 11th and 21st day of the
experiment after overnight food deprivation (12 h). Plasma
was separated by centrifugation at 1500 g for 20 min at 4°C.
Complete feces were collected within two periods (period
A: 8th–10th day; period B: 18th-20th day). At the end of the
experiments and 2 h after last feeding, rats were sacrificed
and the contents of ileum, cecum and colon were immedi-
ately prepared for analysis (stored at �20°C and then
freeze-dried).

2.5. Plasma lipid measurements

Plasma lipids were determined enzymatically using a
COBAS MIRA/S analyzer from Hoffmann-La Roche using
Cobas enzyme kits (Basel, Switzerland) and the 3-hydrox-
ysteroid dehydrogenase/NADH kit (Sigma, Deisenhofen,
Germany).

2.6. Extraction and determination of bile acids in
intestinal contents and feces

After addition of 7�,12�-dihydroxy-5�-cholanic acid as
internal standard, freeze-dried intestinal contents or feces
materials were extracted for 30 min at 37°C with 50% tert.
butanol (end-concentration) [30] and then centrifuged for 15
min at 4°C and 5000 g. The supernatant was diluted with
water and the BA were purified by solid phase extraction on
Bakerbond spe C18 columns in the BAKER spe-12G system
(J.T. Baker, Gross Gerau, Germany). The BA were esti-
mated by HPLC using pre-column derivatization and fluo-
rescence detection [31]. Free and glycine conjugated BA
were directly derivatized with 4-bromomethyl-7-methoxy-
coumarin (BMC) in presence of 18-Crown-6 as a catalyst.
Taurin conjugates which cannot react with BMC were en-
zymatically hydrolyzed with choloylglycine hydrolase
(Sigma, Deisenhofen, Germany) before their derivatization
and analysis as free BA. The BMC labeled derivatives were
separated on a non-polar stationary phase (Nucleosil 100 Å;
C18; 5 �m; 250 � 4.6 mm) at 40°C in HPLC equipment
from Gynkotek (Germering, Germany) with online-degas-
ser DG 1310, gradient pump M 480, injection automate
GINA 160, column oven (Peltier), fluorescence detector RF
1002 (excitation � 320 nm; emission � 385 nm) (Shimadzu
Europe, Duisburg, Germany) and GynkoSoft software. Lin-
ear gradients consisting of acetonitril (30-100%), methanol
(40-0%) and water (30-0%) were applied. Extractions were
conducted in duplicates and each HPLC analyses were two
times repeated.

2.7. Extraction and determination of neutral sterols in
intestinal contents and feces

After addition of 5�-cholestane as internal standard,
freeze-dried intestinal contents or feces materials were first

hydrolyzed for 2 h at 75°C with 1 mol/L NaOH in 90%
ethanol. After addition of water, the non-polar NS were
separated by extraction with hexane (three times). The pu-
rified hexane extract was dried in vacuum and dissolved in
ethanol. The NS were determined using HPTLC. The solu-
tions (500-3000 nL) were applied 8 mm from the bottom of
20 � 10 cm HPTLC silica gel 60 F254 plates (Merck,
Darmstadt, Germany) by spraying (6 mm streaks) with the
automatic TLC sampler III (Camag, Muttenz, Switzerland).
The chromatograms were developed with ether-heptane (55:
45, v/v) in an automatic developing chamber (Camag); run
distance 80 mm. The plates were then dipped for 3 s in a
copper sulfate-phosphoric acid reagent using a chromato-
gram immersion device III (Camag) and heated for 5 min at
180°C. After cooling, the spots were measured at 405 nm
using a TLC scanner II with CATS software (Camag).
Extractions were conducted in duplicates and each HPTLC
analyses were two times repeated.

2.8. Statistical analysis

Results are expressed as mean values and standard de-
viations (SD). Statistical significance was determined using
one-way analysis of variance followed by Student‘s t test. P
� 0.05 was taken to indicate a statistically significant dif-
ference.

2.9. Ethical considerations

The experimental protocol was performed according to
international and national guidelines. The animal experi-
ment was approved by the Ethics Committee of the Ministry
of Nutrition, Agriculture and Forestry of the State Branden-
burg, Germany.

3. Results

3.1. General effects of pectins with different structural
parameters in rats

Because of small differences in composition (including
the contents of methoxyl groups) of the pectin preparations
it was decided to use the pectins in the diets on the basis of
their galacturonan content. All diets used are characterized
in Table 1.

The diets for the germfree animals were sterilized by
�-irradiation (20 kGy). Irradiation under the used conditions
resulted in a partially depolymerization of the pectins
whereas the DM was not changed. Intrinsic viscosities [�]
of the irradiated pectins L#, H#, and V# isolated from the
diets were 284, 446, and 267 ml/g galacturonan, respec-
tively [1]. In the experiments with conventional rats, the diet
with the irradiated pectin H# was additionally used. Thus it
was possible to study the effects of the molecular weight of
pectin on the intestinal steroids.
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The diets were well accepted by the rats. It was shown
that the weight gain, the food intake and feed efficiencies of
all conventional rat groups were not different during the
experimental period. In germfree rats fed pectin-enriched
diets, food consumption tended to be higher. Further, the
walls of ileum, cecum, and colon were heavier and most of
the intestinal contents were greater in rats when pectin-
containing diets were fed [1]. Pectin passes the small intes-
tine as a macromolecule and was fermented in cecum and
colon of conventional rats under formation of SCFA. Low-
methoxyl pectin was fermented faster than high-methoxyl
pectins. Total anaerobic and Bacteroides counts were
greater in groups fed pectin. Pectin-fed rats had greater
intestinal weights [1].

LDL-cholesterol was lowered significantly in conven-
tional rats fed the pectin-containing diets after 21 days as
well as in germfree rats fed diets containing pectins H# and
V# both after 11 days and 21 days. HDL-cholesterol was not
changed (data not shown). Plasma concentrations of BA
were decreased both after 11 and 21 days in all groups of
conventional rats fed the not irradiated pectins as well as in
all germfree groups fed pectin-containing diets compared to
day 0 (Table 2).

3.2. Effects of pectin on bile acids

The profiles of the individual BA (in %) as well as the
total BA (in �mol) in intestinal contents of conventional

rats are summarized in Tables 3 and 4. BA composition in
ileal, cecal, and colonic contents (in nmol) of germfree rats
is shown in Table 5.

3.2.1. Comparison of pectin effects on total bile acid
content

The total amount of BA in ileal contents was 8.7 �mol in
control group and more than 15 �mol in rats fed the pectin
with the highest DM. Use of irradiated pectin H# (lower
molecular weight than pectin H) resulted in lower concen-
trations of BA in ileal contents. Relatively high concentra-
tions of BA were found in cecal contents. Approximately 28
�mol BA were measured in the control group, whereas
more than 66 �mol total BA were present in cecal contents
of rats fed the diet with pectin V. In colonic contents, 11.2
�mol total BA were found in the control group, but up to
20.4 �mol in animals fed pectin-containing diets. Like in
the other intestinal contents, the concentration of BA in-
creased significantly with the DM of the pectin used (Table
4).

3.2.2. Comparison of pectin effects on constitution of bile
acids in intestinal contents and in feces of conventional
rats

In ileal contents, TCA was the predominant bile acid
(43.7–49.2%) followed by �MCA (33.2–34.5%). Further-
more, �/�MCA (3.1–7.0%) which could not be separated
by the applied HPLC technique, TDCA (4.2–7.9%), TC-
DCA (3.9–6.1%), and HDCA (2.1–5.1%) were found in
distinct concentrations in ileal contents. With increasing

Table 1
Composition of control diets (C, C#) and experimental diets (L, L#, H,
H#, V, V#)

Component Diets C
and C#

Diets L
and L#

Diets H
and H#

Diets V
and V#

(g/kg diet)

Casein1 200 200 200 200
Wheat starch2 630 56.6 530.8 542.6
Pectin3 0 83.4 99.2 87.4
Microcrystalline cellulose4 50 50 50 50
Sun flower oil5 50 50 50 50
Vitamin mixture6 20 20 20 20
Mineral mixture7 50 50 50 50

1 Dauermilchwerk Peiting GmbH, Landshut, Germany.
2 Heller and Strauss, Berlin, Germany.
3 Low-methoxyl (L) and high-methoxyl pectin (H) from Copenhagen

Pectin A/S, Lille Skensved, Denmark. Very highly methoxylated pectin V
was prepared by from pectin H. Pectins L#, H#, and V# are �-irradiated (20
kGy). Pectin concentration: 65 g galacturonan/kg diet.

4 Rettenmeier GmbH, Ellwangen, Germany.
5 Thomy GmbH, Karlsruhe, Germany.
6 Composition of the vitamin mixture (in mg/kg diet): retinol palmitate,

7; cholecalciferol, 0.02; �-tocopherol acetate, 240; menadione, 15; thia-
mine, 30; riboflavin, 30; pyridoxine, 22.5; cyanocobalamin, 0.05; niacin,
75; pantothenic acid, 75; folic acid, 15; biotin, 0.03; choline, 1500; p-
aminobenzoic acid, 150; myo-inositol, 150 (Altromin GmbH, Lage, Ger-
many).

7 Composition of the mineral mixture (in mg/kg diet): Ca, 9300; P, 7300;
K, 7100; Na, 4400; Cl, 3600; S, 1700; Mg, 800; Fe, 200; Mn, 100; Zn, 30;
Cu, 8; F, 4; I, 0.4; Se, 0.2; Co, 0.1 (Altromin GmbH).

Table 2
Bile acids in plasma of conventional rats fed control diet C or diets
containing low-methoxyl pectin L, high-methoxyl pectin H, and very
highly methoxylated pectin V or irradiated diet containing pectin H# as
well as of germfree rats fed irradiated control C# or irradiated diets
containing low-methoxyl pectin L#, high-methoxyl pectin H# or very
highly methoxylated pectin V#

Conventional rats Germfree rats

Group Day Bile acids
(�mol/L)

Group Day Bile acids
(�mol/L)

C 0 19.7 � 2.4 C# 0 9.7 � 2.1
11 21.4 � 2.6 11 8.5 � 0.4
21 19.5 � 1.1 21 9.4 � 1.3

L 0 21.2 � 1.4 L# 0 10.3 � 1.3
11 18.6 � 0.7* 11 8.4 � 0.7*
21 18.4 � 1.1* 21 7.7 � 1.2*

H 0 21.5 � 0.7 H# 0 9.4 � 0.7
11 18.4 � 0.8* 11 7.9 � 0.8*
21 18.6 � 1.2* 21 6.9 � 0.5*

V 0 20.9 � 1.4 V# 0 9.7 � 1.2
11 17.6 � 1.1* 11 8.2 � 0.6*
21 17.5 � 0.3* 21 6.1 � 0.6*

H# 0 20.0 � 2.1
11 18.9 � 1.7
21 18.8 � 0.7

Values are means � SD, n � 8. * P � 0.05 compared to day 0.
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DM of the pectin in the diet, the amounts of TCA, �MCA
and of total BA increased in ileum.

More than 50% of the BA belonged to the cholic acid
family having a hydroxyl or keto group at the 12th C atom
of the steroid nucleus. The part of secondary BA (Table 4)
was found to be between 7.0 and 10.0%. In ileal contents,
most of the BA were conjugated with taurine (53.2–60.0%).

Enzymatic action of the intestinal microflora resulted in
distinct variations of the BA composition in cecum: The
proportion of tauroconjugated BA decreased to 14.7–21.6%

and that of secondary BA increased to 36.0–49.8% (Table
4). In detail, a broader spectrum of the individual BA was
present in cecal contents compared to ileum. The dominant
bile acids were here HDCA (24.3–31.0%) and �MCA
(16.4–21.3%). The proportions of TCA, CA, �/�MCA, and
DCA were each approximately 10%. The concentrations of
most of the individual BA and of the total BA increased
with the DM of pectin used in the diets. The pectin with the
lower molecular weight (H#) was less effective in transport
of BA into the cecum (Tables 3 and 4).

Table 3
Composition of primary bile acids (in percent) in intestinal contents of conventional rats fed control diets C or diets containing low-methoxyl pectin L,
high-methoxyl pectin H, and very highly methoxylated pectin V or irradiated diet containing high-methoxyl pectin H#

Intestinal content Group TCA CA KDCA TCDCA CDCA �/�MCA �MCA UDCA

(%)

Ileum C 45.26 � 6.18 0 0.58 � 0.30 6.12 � 1.32 0 5.94 � 1.48 33.23 � 6.30 0.90 � 0.33
L 43.63 � 10.33 0.07 � 0.04 1.29 � 0.26* 3.92 � 0.88* 0.79 � 0.24 7.00 � 1.67 33.43 � 10.22 0.07 � 0.07*
H 46.11 � 8.59 0 0.33 � 0.09 6.06 � 2.05 0 3.33 � 0.84* 34.13 � 5.52 0
V 45.38 � 11.25 0 0.70 � 0.11 4.54 � 0.38* 0 4.98 � 0.53 34.44 � 8.89 0.35 � 0.17*

H# 49.18 � 7.03 0 0.51 � 0.33 5.49 � 1.44 0 3.06 � 0.88* 34.53 � 7.66 0.18 � 0.11*
Cecum C 9.83 � 1.66 9.18 � 2.23 0.60 � 0.11 0.12 � 0.08 3.26 � 1.25 10.56 � 2.27 16.44 � 4.34 0.21 � 0.14

L 8.54 � 1.62 12.41 � 3.13 0.13 � 0.05* 0 4.37 � 0.86 12.83 � 1.83 18.36 � 3.22 0.83 � 0.17*
H 12.37 � 2.22 11.53 � 1.49 0.56 � 0.41 0.25 � 0.09 3.63 � 1.03 12.48 � 3.30 19.34 � 2.16 0
V 14.60 � 1.18* 8.82 � 1.06 0 1.33 � 0.22* 1.81 � 0.33* 15.36 � 1.19* 21.33 � 1.34 0.72 � 0.40*

H# 9.88 � 1.09 10.36 � 2.11 0.33 � 0.21 1.20 � 0.39* 3.11 � 0.43 14.26 � 2.05 17.74 � 3.22* 0.83 � 0.25*
Colon C 0.35 � 0.22 3.21 � 0.42 0.44 � 0.08 0 1.74 � 0.44 14.63 � 2.22 10.44 � 0.89 0

L 0 5.22 � 1.03* 0.51 � 0.09 0 2.22 � 0.40 14.41 � 1.26 10.82 � 1.34 0
H 1.22 � 0.26* 5.41 � 0.46* 1.21 � 0.26* 0 1.37 � 0.60 18.14 � 1.88 12.55 � 1.44 0.40 � 0.33*
V 1.26 � 1.00 6.83 � 1.22* 0.83 � 0.31* 0 2.49 � 0.39 20.32 � 2.61* 12.44 � 0.88* 0.23 � 0.17

H# 0 3.44 � 0.46 0.25 � 0.07* 0 2.33 � 0.66 18.34 � 0.92* 11.26 � 0.96 1.03 � 0.11*

TCA, taurocholic acid; CA, cholic acid; KDCA, 7-ketodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; CDCA, chenodeoxycholic acid; MCA,
muricholic acid; UDCA, ursodeoxycholic acid.

Values are means � SD, n � 8. * P � 0.05 compared to control group C.

Table 4
Composition of secondary bile acids (in percent) as well as total bile acids (in �mol) in intestinal contents of conventional rats fed control diet C or
diets containing low-methoxyl pectin L, high-methoxyl pectin H, and very highly methoxylated pectin V or irradiated diet containing high-methoxyl
pectin H

Intestinal
content

Group TDCA DCA KLCA LCA HDCA Total bile acids

(%) (�mol)

Ileum C 4.21 � 2.21 0 0 0 3.75 � 1.04 8.73 � 0.63
L 5.63 � 1.63 0 0 0 4.17 � 1.16 10.66 � 1.12*
H 7.85 � 0.71* 0.05 � 0.03 0 0 2.11 � 0.36 13.74 � 0.85*
V 4.53 � 0.62 0 0 0 5.08 � 0.92 15.47 � 1.59*

H# 4.92 � 2.28 0 0 0 2.12 � 1.44 11.44 � 0.92*
Cecum C 5.82 � 0.84 11.77 � 4.41 0 1.21 � 0.88 31.00 � 7.77 27.77 � 1.79

L 6.22 � 1.59 9.19 � 1.16 0.52 � 0.39 0.81 � 0.36 25.79 � 2.39 53.17 � 1.59*
H 4.93 � 1.67 9.44 � 1.82 0.09 � 0.05 0.25 � 0.42 25.13 � 4.04 61.76 � 2.58*
V 5.66 � 1.39 6.03 � 0.51* 0 0 24.33 � 2.06 66.47 � 1.62*

H# 4.07 � 0.41* 11.40 � 1.83 0 0 26.82 � 1.76 53.96 � 1.67*
Colon C 0.38 � 0.10 20.26 � 2.55 12.41 � 1.15 0.65 � 0.23 35.48 � 2.44 11.17 � 0.25

L 0.63 � 0.12* 18.94 � 1.66 12.54 � 2.26 1.38 � 0.21* 33.30 � 2.17 14.71 � 0.33*
H 2.15 � 0.27* 17.55 � 1.24 10.56 � 0.90 1.53 � 0.51* 27.90 � 1.54* 16.62 � 0.30*
V 1.81 � 0.30* 15.83 � 2.20 8.16 � 0.55* 0.22 � 0.18 29.58 � 3.13* 20.38 � 0.61*

H# 0 15.68 � 0.94* 12.87 � 2.05 0.90 � 0.21 33.90 � 4.29 14.82 � 0.54*

TDCA, taurodeoxycholic acid; DCA, deoxycholic acid; KLCA, 12-ketolithocholic acid; LCA, lithocholic acid; HDCA, hyodeoxycholic acid.
Values are means � SD, n � 8. * P � 0.05 compared to control group C.
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The proportion of BA of the cholic acid family was
between 32.2 and 38.9% in cecal and colonic contents. This
points to a lower absorption of BA of the chenodeoxycholic
acid family, having no hydroxyl or keto group at the 12th C
atom of the steroid nucleus, from the ileum.

The enzymatic modification of BA continued by action
of the microflora. In detail, the amount of tauroconjugated
BA diminished further to � 3.1%. Additionally, the pro-
portion of secondary BA increased to 69.2% in control and
to 66.8–55.6% in the pectin groups. With increasing DM of
the pectin in the diets, the proportion of secondary BA in
colon decreased continuously. Compared to cecal contents,

higher proportions of HDCA, �/�MCA, DCA, and KLCA
were found, whereas especially the parts of CA and �MCA
decreased in colonic contents (Tables 3 and 4).

Further microbial conversions of the acidic steroids were
observed in feces. Tauroconjugated BA were not found in
these preparations. The proportion of CA, CDCA, and
�MCA decreased and that of �/�MCA and HDC increased
in all groups. The BA composition of feces in the collecting
period A is shown in Figure 1. With rising DM of pectin,
especially an increase of the MCA and DCA as well as a
decrease of the secondary BA were observed. In the col-
lecting period B the total amount of excreted BA was 22.1

Table 5
Bile acids in intestinal contents of germfree rats fed irradiated control diet C# or irradiated diets containing low-methoxyl pectin L#, high-methoxyl
pectin H# or very highly methoixylated pectin V#

Intestinal content Group Primary bile acids Secondary bile acids Total bile acids

TCA TCDCA �/�MCA �MCA TUDCA TDCA DCA HDCA
(nmol)

Ileum C# 1057 � 92 0 14 � 11 117 � 60 0 0 0 46 � 53 1234 � 80
L# 2587 � 133* 44 � 32 67 � 42 522 � 111* 0 0 0 122 � 44* 3342 � 121*
H# 3328 � 458* 34 � 26 61 � 27 520 � 158* 0 0 0 205 � 21* 4148 � 281*
V# 2696 � 417* 37 � 26 5 � 11 465 � 55* 0 0 0 160 � 3* 3363 � 215*

Cecum C# 6241 � 542 35 � 24 85 � 12 816 � 41 0 0 0 462 � 41 7639 � 433
L# 7623 � 481* 124 � 8* 68 � 16 1046 � 153* 60 � 88 0 23 � 25 393 � 33 9337 � 381*
H# 16175 � 517* 266 � 97* 47 � 22 2094 � 130* 80 � 75 118 � 20* 47 � 32 496 � 21 19323 � 477*
V# 18147 � 606* 0 85 � 16 2135 � 142* 0 302 � 32* 0 608 � 42* 21277 � 558*

Colon C# 968 � 183 0 5 � 12 117 � 13 0 0 0 42 � 3 1132 � 172
L# 1933 � 255* 0 0 263 � 20* 0 0 0 139 � 20* 2335 � 240*
H# 3097 � 285* 0 10 � 2 450 � 29* 0 14 � 20 22 � 4 112 � 61* 3705 � 291*
V# 3824 � 411* 0 37 � 17* 453 � 164* 0 0 0 82 � 12* 4396 � 369*

TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; MCA, muricholic acid; TDCA, taurodeoxycholic acid; DCA, deoxycholic acid; HDCA,
hyodeoxycholic acid; TUDCA, tauroursodeoxycholic acid.

Values are means � SD, n � 8. * P � 0.05 compared to control group C#.

Fig. 1. Concentrations of bile acids in feces (collecting period A) of conventional rats fed control diet C or diets containing low-methoxyl pectin L,
high-methoxyl pectin H, and very highly methoxylated pectin V or irradiated diet containing high-methoxyl pectin H#. Values are means � SD, n � 8. *
P � 0.05 compared to control group C.
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�mol/day in the control group. With rising DM of the pectin
in the diet, the excreted amount of acidic steroids increased
to more than 60 �mol/day. Pectin H# was less effective for
excretion of BA (34 �mol/day). Obviously, the viscosity of
pectin plays a role in absorption of BA from intestine.
Altogether, the concentrations of most of the individual BA
in feces was higher in all pectin-fed groups and increased
additionally in most cases with the DM of pectin used in the
diets of the conventional rats.

Before starting the experiment, the pH values in feces of
the conventional rats were approximately 7.40. In all pectin
groups, a significant decrease in fecal pH was found during
the experiment. After 3 weeks, the pH values in feces were
between 6.36 and 6.43 in the pectin groups but 7.26 in the
control (Table 6). This decrease in intestinal and fecal pH –
caused by the formation of SCFA during the fermentation of
pectin – is directly connected with reduced proportion of
secondary BA.

3.2.3. Comparison of pectin effects on bile acids in
intestinal contents and in feces of germfree rats

In general, lower concentrations of acidic steroids were
found in germfree rats in comparison with conventional rats
(Table 5). Feeding pectin resulted in higher amounts of BA
in intestinal contents and in feces. In cecal and colonic
contents of the germfree rats, the total concentration of BA
increased with rising DM of the pectins used. But in ileal
contents and in feces, no systematic correlation was found
between the excreted BA and the DM. In feces, the total BA
concentrations were in the control group 3.1 and 4.8 �mol/
day, respectively, in both collecting periods but in the pectin
groups between 9.1 and 13.7 �mol/day. A similar qualita-
tive composition of BA was found in all intestinal contents
and feces samples from germfree rats. The predominant BA

were TCA (82.7 � 3.6%), �MCA (11.3 � 3.8%) and
HDCA (4.1 � 1.4%). Furthermore, �/�MCA, TCDC,
TUDC, and TDC were present in concentrations of �2%.
Secondary BA were practically not present. Only in single
samples, a low amount of DCA was found in intestinal
contents.

No differences in fecal pH values were found in all
germfree groups during the experimental period. The mea-
sured pH values were between 6.40 and 6.72 (Table 6).

3.3. Effects of pectin on neutral sterols

In conventional rats, only cholesterol was found as a NS.
Coprostanol and coprostanone, the microbial degradation
products of cholesterol, appeared first in cecal or colonic
contents (Figure 2). The concentration of cholesterol was
lowest in control group and increased with rising DM of
pectin used in the diet. The irradiated pectin H# was less
effective in transport of neutral NS into lower parts of the
gastrointestinal tract. In detail, amounts of cholesterol found
in the ileal contents were 1.88 and 2.50 �mol, in cecal
contents 4.51 and 8.30 �mol and in colonic contents 1.42
and 3.14 �mol, respectively, in the control group and in the
group fed pectin V. Furthermore, concentrations of copros-
tanol and coprostanone were more than doubled using diets
with the very highly methoxylated pectin.

Like in cecal contents, coprostanol was the predominant
NS in feces of conventional rats. In presence of pectin in the
diet, the concentration of coprostanol was increased to val-
ues between 14.7 � 2.7 and 16.5 � 1.6 �mol/day (control
group: 9.2 � 0.9 �mol/day) whereas the total NS amount
was increased to values between 23.1 � 2.9 and 29.8 � 2.3
�mol/day (control group: 13.5 � 1.0 �mol/day).

In all contents of ileum, cecum, and colon and addition-
ally in feces of germfree rats, exclusively cholesterol was
present as a NS. With exception of ileum contents, the
concentration of cholesterol increased in trend with the DM
of pectin used in the diets. Compared to control, the cho-
lesterol levels in rats fed with the highest methoxylated
pectin were approximately doubled.

3.4. Effect of pectin on total steroids

The concentrations of total steroids (sum of bile acids
and neutral sterols) in intestinal contents and feces (collect-
ing period B) of both the conventional and the germfree rats
are shown in Figure 3. With a few exceptions, the concen-
tration of total steroids increased continuously with increas-
ing DM of the pectin used in the diets. Additionally, the sum
of BA and NS was lower in conventional rats given the
irradiated pectin H# compared with pectin H (not shown).

In general, the proportion of BA (of the total steroids)
was higher in intestinal contents and feces samples of con-
ventional rats compared with that of germfree rats and
decreased from ileal contents to feces. Thus, proportion of
BA was approximately 65% in colonic contents of conven-

Table 6
pH values in feces of conventional rats fed control diet C or diets
containing low-methoxyl pectin L, high-methoxyl pectin H, and very
highly methoxylated pectin V or irradiated diet containing pectin H# as
well as of germfree rats fed irradiated control C# or irradiated diets
containing low-methoxyl pectin L#, high-methoxyl pectin H# or very
highly methoxylated pectin V#

Group Day 0 Day 7 Day 14 Day 21

Conventional rats

C 7.39 � 0.23 7.30 � 0.17 7.25 � 0.16 7.26 � 0.06
L 7.41 � 0.19 6.61 � 0.20* 6.57 � 0.14* 6.36 � 0.13*
H 7.38 � 0.26 6.67 � 0.15* 6.64 � 0.21* 6.43 � 0.22*
V 7.41 � 0.16 6.67 � 0.12* 6.58 � 0.18* 6.36 � 0.20*
H# 7.39 � 0.20 6.69 � 0.24* 6.52 � 0.17* 6.40 � 0.22*

Germfree rats

C# 6.46 � 0.11 6.60 � 0.29 6.54 � 0.12 6.51 � 0.16
L# 6.40 � 0.25 6.62 � 0.24 6.72 � 0.09 6.66 � 0.10
H# 6.62 � 0.19 6.50 � 0.25 6.69 � 0.12 6.68 � 0.16
V# 6.52 � 0.13 6.30 � 0.24 6.63 � 0.10 6.48 � 0.21

Values are means � SD, n � 8. * P � 0.05 compared to control groups
C or C#.
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tional rats but only approximately 55% in germfree rats. It
seems that BA are evidently absorbed to a relatively higher
degree in the lower parts of the gastrointestinal tract than the
NS.

4. Discussion

Several physiological effects of pectin in the gastrointes-
tinal tract are influenced by its functional or physicochem-

ical properties which are caused – on the other hand - by its
structural parameters (molecular weight, DM, arrangement
of free and methoxylated carboxyl groups, etc.). It has been
shown that pectin can interact with BA [8-15], but only few
studies report an effect of pectin structure on serum choles-
terol level and BA excretion [23-25]. We found that molec-
ular parameters of the pectin may influence the qualitative
and quantitative composition of acidic and neutral sterols in
intestinal contents and feces of conventional and germfree

Fig. 2. Composition of neutral sterols in intestinal contents (in �mol) and in feces (collecting period A) (in �mol/day) of conventional rats fed control diet
C or diets containing low-methoxyl pectin L, high-methoxyl pectin H, and very highly methoxylated pectin V or irradiated diet containing high-methoxyl
pectin H#. Values are means � SD, n � 8. * P � 0.05 compared to control group C.

Fig. 3. Total steroids in intestinal contents (in �mol) and in feces (collecting period B) (in �mol/day) of conventional fed control diet C or diets containing
low-methoxyl pectin L, high-methoxyl pectin H, and very highly methoxylated pectin V as well as germfree rats fed irradiated control diet C# or irradiated
diets containing low-methoxyl pectin L#, high-methoxyl pectin H#, or very highly methoxylated pectin V#. Values are means � SD, n � 8 (conventional
rats) or 6-8 (germfree rats). * P � 0.05 compared to control groups C or C#.
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rats. The pectins used differed in the DM (34.5, 70.8, and
92.6%, respectively) and additionally in their intrinsic vis-
cosity [�]. Pectin can disturb or influence the micelle for-
mation as well as the lipid digestion and absorption in small
intestine. In these processes, BA and NS are involved. In
presence of viscous DF like pectin, less steroids are re-
absorbed and transported to liver via the enterohepatic cir-
culation. As a result of this effect, they may be transported
into the lower parts of the intestinal tract. Here they are
continuously transformed by enzymes of the microflora
(i.e., by deconjugation, dehydroxylation and other reac-
tions).

Whereas the composition of BA was practically un-
changed in intestinal contents of germfree rats, intense
changes occurred in composition of BA during their passage
the ileum, cecum, and colon of conventional animals. With
increasing DM of pectin, more BA were transported into
lower parts of the intestinal tract and finally excreted. Fur-
ther, proportions of secondary BA were lower in conven-
tional rats fed pectin-containing diets. Some secondary bile
acids (i.e., DCA) formed may play a promotive role in colon
carcinogenesis [32]. Fermentation of DF acts indirectly on
the composition of steroids. Formation of SCFA (especially
acetate, propionate, and butyrate) results in a decrease of pH
in cecum and colon. A lower pH partially inhibits the
activity of the bacterial enzyme 7�-dehydroxylase respon-
sible for formation of secondary from primary BA.

The type of DF used in the diet may influence the BA
metabolism. Thus, Ide and Horii [33] found that pectin, but
not cellulose, increased the BA concentration in small in-
testine and cecum as well as the BA excretion in rats.
Ebihara et al. [34] showed that methoxyl content, molecular
weight and viscosity of pectins are important factors for
their cholesterol-lowering effects in rats. After feeding male
Wistar rats a diet with 7% pectin for 4 weeks, fecal BA
excretion as well as hepatic activities of cholesterol 7�-
hydroxylase and activities of 3-hydroxy-3-methylglutaryl-
CoA reductase were higher whereas liver and serum cho-
lesterol levels were reduced [21]. Feeding rats diets with
7.5% fermentable DF (including pectin) resulted in higher
BA excretion, in a decrease in serum cholesterol, in higher
cecal concentration of SCFA (propionate) as well as in
higher microsomal hydroxymethylglutaryl CoA reductase
and 7�-hydroxylase activities [35]. Matheson and Story [5]
found generally a higher pool size for individual BA (espe-
cially CA, HDCA, �MCA, and �MCA) in pectin-fed rats
compared with a cellulose-fed group. Further, pectin con-
sumption resulted in a lower hydrophobicity of the BA pool
and a lower ratio of circulating 12�-hydroxylated to non-
12�-hydroxylated BA. The reduced hydrophobicity may
lower the feedback inhibition of BA synthesis leading to the
larger BA pool size.

Like in this study, a broad spectrum of BA in intestinal
contents and feces was shown in other reports: Madsen et al.
[36] found in feces of germfree Wistar rats 40.5% CA and
56.0% �MCA as main BA, whereas in conventional ani-

mals 34.0% DCA, 18.7% �MCA, 15.6% DCA, 8.6%
KLCA, and 3.9% CA were present. The predominant BA in
the third quarter of the small intestine of conventional rats
were CA (69.8%), �MCA (18.8%), and HDC (5.4%). Be-
sides small concentrations of �MCA, CDCA, and UDCA
(� 4%), the main BA in feces of germfree Fischer rats were
�MCA (34.1%) and CA (25.3%) after feeding diets con-
taining 5% pectin. On the other hand, 26.8% HDCA, 23.8%
keto bile acids, 13.7% DCA, 6.3% �MCA, and 4.1%
�MCA were found in feces of conventional rats [37]. These
data point to intense enzymatic actions of bacteria in cecum
and colon on the BA. Further, the BA composition changed
with the age of rats [38,39].

Whereas exclusively cholesterol appeared as a NS in
germfree rats, additionally its microbial degradation prod-
ucts (especially coprostanol and coprostanone) were found
in the lower parts of the intestinal tract in conventional rats.
It was shown in our study that the amount of NS in intestinal
contents is influenced by the DM as well as by the molec-
ular weight of pectin. Besides, a correlation seems to exist
between the fermentation of pectin and the extent of micro-
bial conversion of cholesterol.

It was found that levels of some plasma lipids (e.g.,
LDL-cholesterol and BA) were lower in rats fed pectin-
containing diets. A decrease in serum cholesterol and other
serum lipids and an increase of excreted steroids in rats
given pectin-supplemented diets were also reported in sev-
eral studies [40-43]. In contrast, application of low-viscosity
soluble DF containing up to 15 g of gum arabic and pectin
(ratio 4:1) per 720 ml apple juice per day for 8 weeks did
not change serum lipids in hypercholesterolemic subjects
[44].

In conclusion, the amount of excreted of BA and NS as
well as their composition during passage the intestinal tract
are influenced by molecular and structural parameters of
pectin used in the diet. The most distinct effects were found
if macromolecular and very highly methoxylated pectins
were applied. The qualitative composition of steroids in
feces is a result of enzymatic transformation of the BA and
NS by the microflora, which is additionally affected by the
fermentation of the DF pectin.
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