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Carbohydrate gelling agents can be regarded as being representative for the soluble and viscous
fractions of dietary fibre. Their dietary concentration affects the consistency of the ingested food
as well as the dilution of nutrients and energy. By feeding hydroxyethyl cellulose (HEC) differing
in molecular mass, and thus in its viscosity properties, only the consistency of the diet was
modified. Three HEC (of low (LV), medium (MV) and high viscosity (HV)) were employed in a
6-week feeding study with female rats to evaluate the effect of the viscosity on adaptive responses
of intestinal growth variables. Each of the HEC was added in three increasing concentrations (8,
16, and 32 %, w/w) to a fibre-free control diet to yield nine test groups besides a fibre-free and an
additional, fibre-rich, cereal-based control group. Except for the highest concentration of the high
viscosity product (32 % HV-HEC), the dilution of the energy density of the diet was almost
completely compensated by an increased food intake. With the same exception, energy utilisation
was not impaired and, therefore, body-weight gains in the test groups were not significantly
different from that in the control. Most other changes, e.g. increases in small intestinal length,
mucosal DNA content, caecal and colonic weight, not only depended on the dietary concentration
but also on the viscosity of HEC in a manner that either increasing the viscosity at a given dietary
concentration or increasing the dietary concentration at a given viscosity led to the same results.
These findings clearly prove the important role of the viscosity of the lumen content, as a mere
physico-chemical factor, in determining adaptative growth responses in the intestinal tract of rats.

Intestinal adaptation: Dietary fibre: Food viscosity: Hydroxyethyl cellulose

Dietary fibre influences digestion, and absorption of nutri-
ents directly and by means of adaptive changes of the
gastrointestinal tract (for review see Spiller, 1994). Since
dietary fibre represents a complex and inconstant mixture of
structural and reserve food carbohydrates (Southgate,
1978), it is often difficult to attribute particular effects of
dietary fibre to specific components.

Previously several carbohydrate gelling agents were
investigated for their effect on adaptive responses of the
gastrointestinal tract of rats after long-term administration
with the diet (Elsenhanset al. 1981). The results demon-
strated that chemically different polysaccharides produce
similar changes in the small intestine. Caecal and colonic
changes were mainly determined by the microbiological
degradability of the polysaccharides.

Polysaccharides belonging to the class of carbohydrate
gelling agents may be at least in part representative for the
soluble portion of dietary fibre. As such they may serve as

model substances in nutritional studies. Furthermore, some
of these polysaccharides, e.g. guaran and pectin, were pro-
posed as therapeutic agents in the treatment of adipositas
and diabetes. One of the most outstanding features of these
polysaccharides is their ability to increase the viscosity of
aqueous media. This property is likely to play a role in the
development of adaptive changes in the intestine. However,
adding carbohydrate gelling agents in increasing concentra-
tions to a fibre-free diet not only changes the consistency of
the lumen content of the gastrointestinal tract, but also leads
to an increased dilution of nutrients and dietary energy.

The viscosity-enhancing properties of soluble polysac-
charides, with repeating carbohydrate units of the same
chemical structure, correlate with their relative molecular
mass. The longer molecules form networks within a solution
easier and hence lead to higher viscosities than shorter ones.
Feeding such polysaccharides of different chain length, i.e.
homologous polysaccharides, should enable study of the
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effect of the viscosity independently of the effect of dilu-
tion. The same amounts of those polysaccharides but
differing in molecular mass should alter mainly the consis-
tency of the food, but should leave the dilution of nutrients
and energy essentially unchanged. The present study
attempts to elucidate the effect of the viscosity of carbohy-
drate gelling agents as such by feeding various hydroxyethyl
celluloses (HEC) to rats.

Materials and methods

Animals

Female Wistar rats (Zentralinstitut fu¨r Versuchstiere, Hann-
over, Germany), with a body weight of 85–105 g on arrival,
were used in the present investigation. Animal experiments
were performed according to the guidelines required by the
German animal protection law. The rats were housed in
wire-bottomed stainless-steel cages (four rats per cage) in a
temperature-controlled room (228C) maintained on a 12 h
light–dark schedule and allowed 7 d to acclimatize before
the commencement of the feeding experiment. Before and
during the experiment, the animals were fed pelleted diets
available ad libitum and had free access to tap water.
According to the number of the different diets, animals
were divided into eleven groups of eight animals each.

Diets

In the acclimatization period all rats and then in the feeding
experiment the control group (designated as 0 % group)
received the basal fibre-free diet (C 1015, Altromin GmbH,
Lage, Germany) composed of the following ingredients
(%): casein 22, starch 57, sucrose 10, soyabean oil (refined)
3, minerals and trace elements 6, vitamin mixture 2, a diet
previously described in more detail (Elsenhans & Caspary,
1989). For each of the three HEC tested (high viscosity (HV),
medium viscosity (MV) and low viscosity (LV); Table 1)
three groups were set up, an 8, 16, and 32 % group according
to the amount (w/w) of polysaccharide added to the control
diet. For further comparison an additional group (STD group)
was run parallel to the others; these animals received a cereal-
based standard rat diet (1320, Altromin GmbH, Lage,
Germany). Based on the data provided by the manufacturer,
a comparison of the two diets employed is given in Table 2.

Experimental procedure

Body-weight gains were recorded weekly; food intake
measurements were made in 3 to 4 d intervals as the food

intake of the animals of one cage. At the end of the feeding
period of 6 weeks, non-fasted animals were decapitated
after being stunned by a blow on the head and bled. The
small intestine, the caecum and the colon were removed
after stripping off the mesentery. Organs were rinsed in
ice-cold physiological saline, slit open, and the contents
removed. Thereafter, the small intestine was divided into a
proximal and distal half, the lengths of which were deter-
mined by holding the small intestinal segment in a hanging
position. After rinsing again in saline, the cleaned organs
were blotted on filter paper and weighed. The small intesti-
nal mucosa was scraped off using a microscope glass slide,
weighed, immediately frozen in an acetone–dry ice mixture
and stored at−208C until analysed. After thawing, mucosal
homogenates (2 %, w/v) were prepared in a Waring-type
blendor at full speed for 30 s. Protein was measured accord-
ing to the method of Lowryet al. (1951) and DNA by the
method of Burton (1956) modified according to Croft &
Lubran (1965).

Statistical treatment of results

The data were treated in two ways (Sachs, 1984). Firstly,
one-way ANOVA followed by the least-significant-differ-
ence (LSD) test was performed to determine the significance
of the differences between the various dietary groups and to
test which of them belong to homogeneous groups. Secondly,
two-factor ANOVA was employed for data from the HEC-
fed groups in order to determine whether the viscosity, the
dietary concentration of the polysaccharide or both factors
had significantly influenced the changes in the variables
measured. The level of significance was set toP, 0⋅05.
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Table 1. Properties of the hydroxyethyl celluloses (HEC) used in the present diets

Degree of Relative molecular Viscosity
Designation* Abbreviation† polymerisation mass (2 % in H2O; cPa ⋅ s)

HEC 20 LV 170 38 000 0⋅02
HEC 300 MV 410 90 000 0⋅3
HEC 4000 HV 740 185 000 4⋅0

* Designated by the commercial supplier (SERVA, Heidelberg, Germany). Degree of substitution = 2 (i.e. two hydroxyethyl
groups per glucose moiety).

† Used in the present study.

Table 2. Analysis of the raw nutrients of the diets (%) employed*

Diet … Fibre-free Fibre-rich

Abbreviation … 0 % (C 1015)† STD (C 1320)†

Raw protein 17⋅5 19⋅0
Raw fat 3⋅0 4⋅0
Raw fibre‡ traces 6⋅0
Ash 7⋅0 7⋅0
Water 12⋅0 13⋅5
Nitrogen-free extracts§ 50⋅5
Available energy (kJ/kg) 13 810 12 980

* Data supplied by the manufacturer (Altromin, Lage, Germany).
† Designated by the manufacturer.
‡ Raw fibre content is based on a residue analysis which is only a crude

measure for the total dietary fibre content.
§ Mainly carbohydrates; no data are given for the diet C 1015 which was

produced using 57 % starch and 10 % sucrose (see Diets section).
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Results

Animal growth and energy intake

The growth of the animals of the various groups did not
differ significantly with one exception (Fig. 1); on feeding a
diet with a 32 % addition of the high viscosity HEC, growth
was significantly reduced. All the other growth curves were
found in between the one obtained for the fibre-free control
and the other obtained for the STD group. For a period of
fairly linear growth (the first 3 weeks for most of the groups)
the data on the daily body-weight gain show these differ-
ences more quantitatively (Table 3).

There was a slight reduction in the daily food intake of the
8 %-HEC diets when compared with the intake of the fibre-
free control diet. This reduction was equally seen for all
three HEC, but was not statistically significant, and is likely
to be the result of a slight overestimation of the food intake
of the 0 % group. Losses due to crumbling of the food pellets
were estimated to be in the range of 1–8 %; the pellets of the

fibre-free diet (0 %) were particularly crumbly, so losses of
the other diets were much smaller (, 2 %) because of their
more solid pellets. By raising the HEC concentration in all
three HEC diets (LV, MV, and HV) an increase in the daily
food intake was observed as compared to the intake in the
fibre-free control group. The increase, however, was not
observed for the rats receiving the diet with 32 % HEC of
high viscosity (data not shown). With this particular excep-
tion, the pattern of food intake resulted in a rather uniform
energy intake of the HEC-fed animals as calculated from the
food intake and the energy content of the corresponding diet
(Table 3). For these calculations HEC was assumed not to
contribute to the amount of available energy.

From these results, energy utilization (mg body weight
gain/kJ) was calculated to be on an average in the range
18⋅5–20⋅4 mg/kJ in the HEC-fed groups except for that
receiving the 32 % diet with the HV cellulose derivative
(14⋅0 mg/kJ, significantly lower than in the other groups,
P, 0⋅05).
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Fig. 1. Growth curves of rats; effects of increasing additions of (A) low-viscosity, (B) medium-viscosity and (C) high-viscosity hydroxyethyl cellulose
to a basal fibre-free diet (0 %); STD, standard chow-fed group. –A–, 0 %; –O–, 8 %; –l–, 16 %, –P–, 32 %; –W–, STD. Values are means for
eight rats per group with standard deviations represented by vertical bars. The growth curves of the fibre-free control and the standard chow-fed
group are shown in each panel for better comparison with the individual growth curves of the hydroxyethyl cellulose-fed groups. For details of diets
see Tables 1 and 2, and of procedures p. 40.

Table 3. Effect of viscosity and concentration of dietary hydroxyethyl celluloses (HEC) on the daily weight gain and daily energy intake of rats

(Mean values and standard deviations for eight rats per group)

Daly weight gain (g/d) Daily energy intake (kJ/d)†

Viscosity of HEC … 0 % LV MV HV STD 0 % LV MV HV STD
Dietary addition
of HEC (%) Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

– 3⋅1a 0⋅1 2⋅9a 0⋅2 177a 14 219d 20
8 3⋅0a 0⋅1 2⋅8a 0⋅2 3⋅0a 0⋅3 155ab 7 150b 4 154b 16

16 2⋅7a 0⋅1 2⋅8a 0⋅4 3⋅0a 0⋅1 146b 12 152b 12 155ab 28
32 2⋅8a 0⋅1 2⋅9a 0⋅4 1⋅7b 0⋅9 144b 12 147b 31 121c 32

0 %, Fibre-free control; LV, low viscosity; MV, medium viscosity; HV, high viscosity; STD, standard group.
a,b,c,d Mean values with unlike superscript letters were significantly different (one-way ANOVA and least-significant-difference test): P , 0⋅05.
† Based on the food consumption of each group during the first 3 weeks of the feeding experiment.
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Small intestine

Feeding increasing additions of either one of three different
HEC a continuous and significant increase was observed for
the small intestinal length (Fig. 2). Most remarkably, an
increasing viscosity of the cellulose derivative fed at either
one of the three dietary concentrations led to a rather similar
elongation of the small intestine. Thus, the dietary con-
centration and the viscosity of the HEC added to the diet
were equally significant factors in determining the small
intestinal length.

The different diets caused a rather large response on the
small intestinal wet weight (Table 4). The increases were

larger than those observed for the length. Compared with the
small intestinal weight of the 0 % group, that of the groups
fed HEC at a dietary concentration of 32 % increased by
approximately 30 %, 70 %, and 100 % feeding the LV, MV
and HV derivative respectively. The increases in the weight
showed the same dependency on either the dietary concen-
tration or the viscosity properties of the cellulose derivative
added to the diets as were shown for the small intestinal
length.

In quite a similar manner mucosal wet weight increased
when increasing additions of the three HEC were fed or
when at one dietary concentration viscosity increased (data
not shown). When related to the small intestine length
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Fig. 2. Effect of feeding different viscous hydroxyethyl celluloses at three different dietary concentrations (8, 16 and 32 %) on the length of the small
intestine. Values are means for eight rats per group with standard deviations represented by vertical bars. 0 %, Fibre-free control; STD, standard
chow-fed group; LV, low viscosity; MV, medium viscosity; HV, high viscosity. a,b,c,d,e,fValues with unlike superscript letters were significantly
different (one-way ANOVA and least-significant-difference test): P , 0⋅05. For details of diets see Tables 1 and 2, and of procedures p. 40.

Table 4. Influence of the various dietary hydroxyethyl celluloses (HEC) on the wet weight of the small intestine (g)*

(Mean values and standard deviations for eight rats per group)

Viscosity of HEC

0 % LV MV HV STD
Statistical significance

Dietary addition of HEC (%) Mean SD Mean SD Mean SD Mean SD Mean SD (two-way ANOVA): P ,

– 5⋅71 0⋅34a 6⋅50bc 0⋅70
8 6⋅04ab 0⋅42 5⋅72a 0⋅82 6⋅96cd 0⋅83

Main effects
viscosity 0⋅05

16 6⋅60bc 0⋅97 7⋅48d 0⋅65 9⋅34e 1⋅08 concentration 0⋅05
interactions 0⋅05

32 7⋅48d 0⋅64 9⋅86e 1⋅18 11⋅62f 1⋅05

HEC, hydroxyethyl cellulose; 0 %, fibre-free control; LV, low viscosity; MV, medium viscosity; HV, high viscosity; STD, standard group.
a,b,c,d,e,f Mean values with unlike superscript letters were significantly different (one-way ANOVA and least-significant-difference test): P , 0⋅05.
* For details of hydroxyethyl celluloses and diets see Tables 1 and 2, and for procedures see p. 40.
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(Table 5), however, the increases were slightly lesser and in
the range of 0 to 50 %. Although lesser in the distal half,
mucosal wet weight per unit of length showed a similar
pattern of dependency on either dietary concentration or
viscosity of HEC in both parts of the small intestine.

Mucosal protein content increased together with the small
intestine mucosal weight. Therefore, protein content related
to the intestine length did not change drastically or system-
atically by feeding the various diets. In the proximal portion
of the small intestine of all groups, the protein content per
length was between 4⋅74 (SD 0⋅49) (LV-HEC, 16 %) and 5⋅55
(SD 0⋅67) mg/cm (MV-HEC, 16 %) and showed only few
significant differences (P, 0⋅05) among the HEC-fed groups
as well as with respect to the 0 % group (5⋅08 (SD 0⋅32) mg/
cm) or the STD group (5⋅47 (SD 0⋅85) mg/cm). Although
lower in general, a similar pattern of the results was
obtained for the distal half. Mucosal protein content per
unit length was between 2⋅67 (SD 0⋅38) (MV-HEC, 8 %) and
3⋅40 (SD 0⋅33) mg/cm (HV-HEC, 32 %). Within all HEC
groups the protein content in the distal mucosa increased
slightly as the HEC levels in the food increased; the increase
in viscosity was without effect. Compared with the protein
content in the distal mucosa of the 0 % control group (3⋅08
(SD 0⋅27) mg/cm), the changes in this variable in the HEC
groups were not statistically significant, however. Mucosal
protein content was highest in the STD group (4⋅04 (SD
0⋅57) mg/cm). In general, mucosal protein level was slightly
less affected by the differences in the food composition as
compared to the mucosal wet weight. On average, a 10 %

increase in the mucosal wet weight led to an 8 % increase in
the mucosal protein level.

The changes in the mucosal DNA content per unit
length observed after feeding the various HEC diets were
similar to those observed for the mucosal protein content
(Table 6). However, differences between the various HEC
groups turned out to be more pronounced so that the influ-
ence of the dietary HEC concentration as well as of the
viscosity increase was found to be of statistical significance
(P, 0⋅05).

With these findings, the effect of feeding the HEC diets
on the protein : DNA ratio are explained. Owing to the less
changed protein and the more increased DNA levels in the
mucosa, the ratio decreases in the HEC-fed groups (Table
7). In the distal half of the small intestine this pattern seems
more distinct than in the proximal half. While the effect of
an increase in the dietary HEC concentration on this ratio
showed only slight changes, the increase in viscosity signi-
ficantly decreased the protein : DNA ratio in the proximal as
well as in the distal small intestine.

Caecum and colon

Changes in caecal and colonic weight were determined to
roughly characterize the effects of the HEC additions on
the distal parts of the intestinal tract (Fig. 3). The weight of
the caecum and colon significantly increased either by
increasing the dietary concentration or the viscosity of the
HEC additions. Compared to the 0 % group the maximum
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Table 5. Effect of viscosity and concentration of dietary hydroxyethyl cellulose on the mucosal wet weight per unit length (mg/cm) in the proximal
and distal small intestine*

(Mean values and standard deviations for eight rats per group)

Viscosity of HEC

0 % LV MV HV STD
Statistical significance

Dietary addition of HEC (%) Mean SD Mean SD Mean SD Mean SD Mean SD (two-way ANOVA): P ,

Proximal small intestine
– 35⋅7abc 2⋅5 40⋅9de 4⋅8
8 34⋅6ab 2⋅1 33⋅2a 3⋅9 38⋅9bcd 3⋅6

Main effects
16 35⋅5abc 4⋅4 39⋅5cde 3⋅5 44⋅0e 5⋅7 viscosity 0⋅05

concentration 0⋅05
interactions NS

32 37⋅3abc 4⋅9 42⋅4de 8⋅4 51⋅4f 3⋅6

Distal small intestine
– 23⋅4a 3⋅8 32⋅3cd 3⋅5
8 24⋅0a 3⋅8 24⋅8ab 5⋅7 25⋅2ab 3⋅4

Main effects
16 24⋅3ab 2⋅5 30⋅7cd 3⋅8 31⋅0cd 3⋅9 viscosity 0⋅05

concentration 0⋅05
interactions 0⋅05

32 28⋅4bc 4⋅6 38⋅3e 7⋅2 33⋅5d 2⋅1

HEC, hydroxyethyl cellulose; 0 %, fibre-free control; LV, low viscosity; MV, medium viscosity; HV, high viscosity; STD, standard group.
a,b,c,d,e,f Mean values with unlike superscript letters were significantly different (one-way ANOVA and least-significant-difference test): P , 0⋅05.
* For details of hydroxyethyl celluloses and diets see Tables 1 and 2, and for procedures see p. 40.
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increases in the organ weights were observed for the group
receiving the HV-HEC at its highest dietary concentration,
the caecum and the colon weight in this group increased
by factors of 2⋅5 and 4 respectively. The dose-dependence

differed between the two organs, however. Whereas colonic
weight appeared to level off with increasing dietary HEC
additions at a given viscosity, the opposite was seen in
the case of the caecal weight. Caecal weight increased in
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Table 6. Effect of viscosity and concentration of dietary hydroxyethyl cellulose on the DNA content per unit length (mg/cm) in the proximal and distal
small intestine*

(Mean values and standard deviations for eight rats per group)

Viscosity of HEC

0 % LV MV HV STD
Statistical significance

Dietary addition of HEC (%) Mean SD Mean SD Mean SD Mean SD Mean SD (two-way ANOVA): P ,

Proximal small intestine:
– 170ab 14 186abc 29
8 170a 9 184abc 33 207cd 50

Main effects
viscosity 0⋅05

16 167a 27 198bcd 23 199cd 16 concentration 0⋅05
interactions NS

32 208cd 34 219d 26 216d 9

Distal small intestine:
– 117a 17 194f 24
8 133abc 23 134abc 23 156cde 31

Main effects
viscosity 0⋅05

16 131ab 12 178e 25 170de 30 concentration 0⋅05
interactions NS

32 148bcd 25 171de 25 167de 21

HEC, hydroxyethyl cellulose; 0 %, fibre-free control; LV, low viscosity; MV, medium viscosity; HV, high viscosity; STD, standard group.
a,b,c,d,e,f Mean values with unlike superscript letters were significantly different (one-way ANOVA and least-significant-difference test): P , 0⋅05.
* For details of hydroxyethyl celluloses and diets see Tables 1 and 2, and for procedures see p. 40.

Table 7. Influence of viscosity and concentration of dietary hydroxyethyl cellulose on the mucosal protein : DNA ratio in the proximal and distal
small intestine*

(Mean values and standard deviations for eight rats per group)

Viscosity of HEC

0 % LV MV HV STD
Statistical significance

Dietary addition of HEC (%) Mean SD Mean SD Mean SD Mean SD Mean SD (two-way ANOVA): P ,

Proximal small intestine:
– 30⋅0a 3⋅5 29⋅5ab 3⋅2
8 29⋅4ab 4⋅6 26⋅6abc 2⋅1 25⋅2c 2⋅5

Main effects
viscosity 0⋅05

16 29⋅4ab 7⋅8 28⋅1abc 3⋅3 25⋅1c 2⋅0 concentration NS
interactions NS

32 25⋅0c 3⋅6 25⋅4bc 5⋅4 25⋅3bc 1⋅9

Distal small intestine
– 26⋅7a 2⋅4 20⋅9bc 1⋅3
8 22⋅3bc 3⋅4 20⋅3bc 4⋅1 18⋅5c 2⋅1

Main effects
viscosity 0⋅05

16 20⋅5bc 2⋅6 18⋅8c 1⋅8 18⋅5c 1⋅5 concentration NS
interactions NS

32 23⋅5ab 8⋅9 20⋅3bc 4⋅8 20⋅7bc 3⋅9

HEC, hydroxyethyl cellulose; 0 %, fibre-free control; LV, low viscosity; MV, medium viscosity; HV, high viscosity; STD, standard group.
a,b,c Mean values with unlike superscript letters were significantly different (one-way ANOVA and least-significant-difference test): P , 0⋅05.
* For details of hydroxyethyl celluloses and diets see Tables 1 and 2, and for procedures see p. 40.
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particular after feeding diets with 32 % HEC additions at
any viscosity level.

Discussion

HEC belongs to a group of semisynthetically neutral cellu-
lose ethers which are hardly degraded by micro-organisms.
It can be presumed that HEC is not metabolized by rat
intestinal bacteria, similarly to related cellulose derivatives,
e.g. methylcellulose (Braunet al. 1974) and hydroxypropyl-
cellulose (Geeet al. 1996). That HEC behaved like a non-
fermentable polysaccharide when administered with the diet
is seen by the response of the caecum and colon. In a pre-
vious study (Elsenhanset al. 1981) feeding microbiologi-
cally degradable polysaccharides to rats resulted in a higher
weight gain of the caecum than of the colon, but feeding
non-fermentable polysaccharides reversed that pattern, in
fact, a pattern shown in the present study.

Since the administration of carbohydrate gelling agents
with the food at high dietary concentrations (. 5 %) is

occasionally criticized and regarded to be inappropriate
for rats (Struthers, 1986a), an annotation might be justified
in this regard although a discussion of that matter has
been published previously (Johnson, 1986; Struthers,
1986b). Higher dietary concentrations have been tolerated
quite well, e.g. 25 % agar (Fischer, 1957) or 18 % pectin
(Brown et al. 1979), so that dietary concentrations of 32 %
are not unreasonably high, particularly not when attempting
to describe an effect by its dose-dependence which, from a
mechanistic and statistical point of view, is preferred to
descriptions of effects at a single dose. That rats accept even
higher dietary concentrations is also reflected by a previous
study feeding diets with up to 40 % additions of various
carbohydrate gelling agents, in which body-weight gains did
not indicate a major impairment of the animals, except
perhaps for 40 % additions of guaran (Elsenhanset al.
1981).

The addition of carbohydrate gelling agents to a fibre-free
control diet generally leads to a lower growth rate of rats as
the dietary concentration of the polysaccharide increases.
This is particularly pronounced in case of microbiologically
degraded polysaccharides which was shown in a previous
study (Elsenhanset al. 1981). The reduction in body-weight
gain was less distinct when less fermentable carbohydrate
gelling agents were added to the diet. This resulted in an
increased consumption of food so that the reduced energy
concentration of the diet could be compensated for and
growth was not impaired.

Feeding additions of the different HEC, the correspond-
ing body-weight gains did not essentially differ from those
obtained feeding the fibre-free control diet or the STD diet
except for one group: feeding the HV-HEC at a concentra-
tion of 32 % resulted in a reduced body-weight gain. Rats in
this group could not compensate for the reduced energy
density by increasing food intake which obviously marks a
limit for such a compensation. It also demonstrates that this
limit is not only a matter of the dietary concentration alone,
but also a matter of the viscosity of the polysaccharide
added since 32 % additions of the LV-HEC were fully com-
pensated for their lower energy density showing no reduced
body-weight gain or energy utilization in this group.

The dependence on the food viscosity makes it plausible
that this limit is much higher with indigestible fillers having
only minor influence on the viscosity of the diet. In case of
feeding kaolin to rats, this limit appears to be reached with
dietary additions of approximately 66 % (Dowlinget al.
1967). In rats, such a limit was not obtained with other
additives, e.g. dilutions of nutrients and energy by 40 %
cellulose (Mallettet al. 1983) or 50 % polypropylene powder
(Hiller & Nebendahl, 1977) are well compensated for by
corresponding increases in food intake. The behaviour to
maintain energy supply by adaptation of the food intake is
typical for rats and is maintained even after elimination of
sensory influences (Epstein & Teitelbaum, 1962).

Certainly, the exact nature of this limit is not clear yet.
For microbiologically-degradable polysaccharides a contri-
bution to the energy supply, at least partially, by utilization
of fermentation products is supposed (Cummings, 1982),
making compensatory food intake less distinct or negligible.
In this respect, however, no quantitative data are available
for rats (Schneeman, 1994) and, furthermore, this concept is

45Hydroxyethyl cellulose and rat intestine

Fig. 3. Effect of feeding different viscous hydroxyethyl celluloses at
three different dietary concentrations (8, 16 and 32 %) on the wet
weight of (A) the caecum or (B) the colon. Values are means for eight
rats per group with standard deviations represented by vertical bars.
0 %, Fibre-free control; STD, standard chow-fed group; LV, low
viscosity; MV, medium viscosity; HV, high viscosity. a,b,c,d,e,fValues
with unlike superscript letters were significantly different (one-way
ANOVA and least-significant-difference test): P , 0⋅05. For details of
diets see Tables 1 and 2, and of procedures p. 40.
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not applicable for polysaccharides such as HEC that are
not degraded by intestinal bacteria. Owing to the viscosity
of the ingested polysaccharide, transport of unusually high
amounts of undigested nutrients into distal parts of the
intestine might contribute to a reduced food uptake (Atkin-
sonet al. 1982), not onlyper se, but also through abdominal
discomfort caused by gaseous fermentation products (Koop-
mans & Maggio, 1978) or hormonal responses (Koopmans,
1990).

Many studies on the effect of dietary fibre upon growth of
the caecum and colon emphasize the role of microbiological
activities increased by fermentable dietary fibre as in con-
trast to non- or less-fermentable polysaccharides. In the
present study fermentability of the HEC can be ignored so
that changes in the caecal and colonic growth responses are
mediated by their viscosity and dietary concentration, i.e.
the consistency and mass of the lumen bulk phase. In fact,
findings that colon weight directly correlates with the faecal
wet weight independently from the fermentability of the
dietary fibre fed supports the notion that faecal bulk alone
can represent a major factor determining colonic growth
responses (Elsenhanset al. 1981; Whiteleyet al. 1996).
Despite the non-fermentable features of HEC, increases in
microbial activities due to nutrients escaping into the large
bowel cannot be excluded, however. This might add to
changes specially in the caecum but also in the colon
weight, particularly when a significant decrease in energy
utilization indicates losses of nutrients as seen in rats fed the
HV-HEC at a dietary concentration of 32 %.

The most obvious change of the small intestine after
feeding carbohydrate gelling agents represents its elongation.
This figure is somewhat problematic, however. Measuring
the small intestine length certainly depends on the extent of
stretching. To overcome this difficulty, measurements have
been performed with the aid of defined weights attached to
the small intestine, e.g. weights of 5 (Brownet al. 1979) or
10 g (Calvertet al. 1985) were used. Also measurements
were carried out without a definite stretching just by putting
the small intestine on a plane surface (Johnsonet al. 1984),
and there are other measurements without any detailed
description. In this respect, the present method of using
the weight of the small intestine on its own appears to be a
kind of compromise.

Regardless of the kind of measurement, small-intestinal
elongations of 10 to 20 % were reported after feeding of
carbohydrate gelling agents to rats at dietary concentrations
of 5 to 20 % (Brownet al. 1979; Farness & Schneeman,
1982; Calvertet al. 1985; Johnson & Gee, 1986). These
findings and results of a previous study (Elsenhanset al.
1981) agree with data obtained in the present investigation.
In this connection, it should be mentioned that in a fibre-free
diet, additions of cellulose (Younoszaiet al. 1978), but also
of more complex dietary fibres such as oat bran (Farness &
Schneeman, 1982) did not lead to an elongation of the small
intestine. This lack of an effect is also reflected by the
present results of feeding a standard chow (STD diet).

Increases in the small intestine length by feeding HEC
were accompanied by even larger increases in wet weight
and mucosal mass. Accordingly, mucosal protein and, even
more, DNA content were increased so that the results can be
interpreted in terms of a hyperplasia of the small intestinal

mucosa. The effect of the HEC in the ileum were slightly
larger than in the jejunum which may indicate a higher
responsiveness of the distal parts of the small intestine to
trophic stimuli. It is well known that the rat small intestine
develops an atrophy under the conditions of fibre-free
feeding which can be ‘normalized’ by dietary additions of
bulk (Ecknaueret al. 1981). The present results emphasize
the effect of the viscosity on such a ‘normalization’.

The mechanism for the increase in length and weight of
the small intestine is certainly based on changes of the
consistency of the lumen contents caused by the increased
viscosity of the HEC fed. In relation to other observations
about small intestinal elongations, an altered supply of
nutrients from the lumen contents has to be considered as
a mechanism, a process related to the so-called topical or
luminal nutrition. That an impaired and, thus, delayed
absorption of carbohydrates, i.e. a shift of digestive and
absorptive processes from proximal into distal segments,
can lead to increases in length and weight of the small
intestine of rats was previously demonstrated by inhibition
of starch digestion witha-amylase inhibitors (Fo¨lschet al.
1981) and of disaccharide hydrolysis bya-glucosidase
inhibitors (Fölsch et al. 1978). Similarily, resistant starch
with its slow glucose-releasing properties can produce such
effects (Brunsgaardet al. 1995). The effect of such an
induced delay in carbohydrate absorption on the weight
increase of the small intestine, particularly in the distal half,
was greater in fibre-free fed than in conventionally fed rats
(Creutzfeldtet al. 1985).

The concept that changes in the luminal nutrition contri-
bute to adaptive changes in the intestinal tract also includes
interactions of the carbohydrate gelling agents with pan-
creatic, biliary and small intestinal secretions. Protein–
polysaccharide interactions are well-known so that adaptive
changes may have been mediated by binding and inhibition
of digestive enzymes which was demonstrated for various
dietary fibres and carbohydrate gelling agents (Dunaif &
Schneeman, 1981; Isakssonet al. 1982). Binding and also
inhibition of enzymes, however, depend on chemical inter-
actions which might not be essentially altered when the
molecular mass of the polysaccharide increases from 38 000
to 185 000, as with the HEC employed in the present study.
Therefore, potential binding and inhibitory effects of HEC,
particularly at a given dietary concentration, may not have
much contributed to the observed intestinal changes. Owing
to the physico-chemical properties of HEC it is more likely
that processes such as diffusion, mixing and sieving are influ-
enced which certainly affects transport processes within the
intestinal lumen. In this connection it is noteworthy that in
previous work employing different carboxymethylcelluloses
a vicosity-dependent reduction of pepsin activity was found
in the stomach content (Larsenet al. 1994). Whether this
was due to an altered secretion or an altered inactivation was
not elucidated, however.

Adaptive changes of the small intestine by dietary fibre
and related carbohydrate gelling agents are not only medi-
ated by processes related to luminal nutrition. Mere physical
actions, e.g. by distention, have to be considered as con-
tributing factors (Gustafssonet al. 1970). Also the increased
amount of physical work needed to propel the viscous content
along the intestinal tract may provide a growth stimulus for
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the intestinal muscle layer (Brownet al. 1979). In fact, a
previous study demonstrated hypertrophy of the tunica
muscularis in the ileum and mid-colon of rats after pectin
feeding (Starket al. 1995).

Independent of the complex mechanisms involved in the
adaptation of the morphology and function of the intestinal
tract to various dietary regimens, the present results
obtained with HEC clearly demonstrate that an increase in
the viscosity of the ingested food, accomplished either by
increasing dietary concentrations or employing derivatives
of different molecular mass, can be one of the main factors
in determining adaptive changes. To conclude this from
findings with chemically-different polysaccharides at single
dietary concentrations is more problematic since viscosities
determinedin vitro do not necessarily reflect the luminal
viscosities which might result from applicationin vivo
(Edwardset al. 1987; Cameron-Smithet al. 1994). When
feeding additions of homologous polysaccharides with dif-
ferent molecular mass, however, one can assume a rather
strong correlation betweenin vitro and in vivo viscosities.
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