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Abstract

AIM: To study the possible causes of sorbitol (S)-based
diarrhea and its mechanism of reduction by rice gruel (RG)
in cecectomized rats.

METHODS: S was dissolved either in distilled water or
in RG (50 g/L) and ingested as a single oral dose (1.2
g/kg body mass, containing 0.5 g/L phenol red as a re-
covery marker) by S (control) and S + RG groups (17 = 7),
respectively. This dose is over the laxative dose for hu-
mans. Animals were sacrificed exactly 1 h after dose in-
gestion, without any access to drinking water. The whole
gastro-intestinal tract was divided into seven segments
and sampled to analyze the S and marker remaining in
its contents.

RESULTS: Gastric-emptying and intestinal transit were
comparatively slower in the S + RG group. Also, the S
absorption index in the 3™ and last quarter of the small
intestine (24.85 = 18.88% vs 0.0 = 0.0% and 39.09 +
32.75% vs 0.0 = 0.0%, respectively, P < 0.05) was sig-
nificantly higher in the S + RG group than in the control
group. The S absorption index and the intestinal fluid
volume are inversely related to each other.

CONCLUSION: The intestinal mal-absorption of S is the
main reason for S-based osmotic diarrhea. Where RG en-
hanced the absorption of S through passive diffusion, the
degree of diarrhea was reduced in cecectomized rats.
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INTRODUCTION

Sugar alcohols are widely used as sugar-substitute
sweeteners in the food industry, especially in candy,
chewing gum, dietetics and diabetic foods, for their lower
calorific value and various beneficial effects on health.
Among the many sugar alcohols, sorbitol (S) is chosen
most often because of its functional, nutritional, and
disease-preventative effects impacting positively on health.
However, higher dose or over-intake of S causes bloating,
flatulence, cramping, abdominal pain and diarrhea both
in adults' and in children®. As the laxative threshold
of S varies from person to person, the actual cause of
S-based gastrointestinal complications is still unclear.
Several possible and dissimilar causes have been previously
indicated by a number of investigatorsw], although most
of them reported that diarrhea was caused by increasing
colonic osmolality when higher doses were consumed.
Soergel reported that indigestible carbohydrate-induced
diarrhea occurs when the amount of carbohydrate entering
the colon exceeds its fermentation capacity”. In another
report, it was stated that intestinal mal-absorption is the
main reason for diarrhea. Read e al” reported that the
tendency for diarrhea in response to a meal containing
un-absorbable carbohydrate depends more on the lack of
colonic accommodation than on the small intestinal transit.
Short chain fatty acids (SCFAs), the fermentation product
of sugar alcohol, were reported to decrease intestinal or
colonic water absorption, resulting in diarrhea'. Some
other investigators found higher lactic and succinic acid
levels during diarrhea in the colon of cecectomized rats'”
and in pig feces" and thought that the above fermentation
products may increase the colonic osmolality to cause
diarrhea. Although higher colonic osmolality and lower
fluid absorption from the colon are indicated in the above
studies as the main reasons for indigestible or fermentable
material-based diarrhea, the actual cause of the induction
of large gut osmolality is a matter of controversy.

The major difference between the digestive
physiology of the rat and humans is that the rat has
a large voluminous cecum, whereas humans have no

distinct cecum. The cecum in rat acts as an important
reservoir and fermentation site especially for indigestible
and fermentable materials. Recently, we reported that
the digestive physiology of cecectomized rats is more
analogous to humans than to normal rats'”. Tt was also
proposed that the cecectomized rat could be a useful
experimental tool to study the physiological effects of
indigestible or fermentable materials in humans. In
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another study"”, we found that rice gruel (RG), a source
of rice starch, significantly reduced the degree of S-based
diarrhea in cecectomized rats. In the report of that
study, we hypothesized that in the presence of the extra
glucose from rice gruel, the influx of S across the luminal
membrane increased significantly!'”. This may enhance
the small intestinal absorption of S in the presence of the
extra glucose released from RG, and only a small amount
of S is transported to the colon from the small intestine
for fermentation”. By the above proposed mechanisms,
the colonic organic acid concentration as well as the
osmolality was decreased and hard feces were formed
in the mid to distal colon of the cecectomized rats. As a
result, the degree of diarrhea was reduced in these rats”.

The present study was undertaken to further examine
our above hypothesis that small intestinal mal-absorption,
or pethaps rather inadequate fermentation of S or mal-
absorption of S fermentation products, is responsible for
increasing the colonic osmolality as well as the occurring
osmotic diarrhea, and to examine the mechanisms involved
in reducing the degree of S-based diarrhea by RG in
cecectomized rats.

MATERIALS AND METHODS

Animals

Three week-old male juvenile Wistar rats (50.3 + 3.55 ¢
body mass, Nippon SLC, Hamamatsu, Japan) were housed
identically as reported in our previous studym. Animals
were allowed free access to a diet of commercial pellets
(Labo MR Stock, Nihon Nosan Kogyo K.K. Ltd., Tsu-
kuba, Japan) and drinking water for the initial 3 wk, in their
acclimatization period. After this period, when the mean
body mass of the animals was 184.23 + 12.85 g, cecec-
tomy of all animals was performed according to our previ-
ous reportm. After a 2 wk recovery period with free access
to the commercial pellets and drinking water, animals were
randomly divided into two subgroups of 7 animals each
as the S (control) and S + RG groups with a similar mean
body mass in each group (314.6 £ 8.94 g). They were
fasted overnight (16 h) with free access to drinking water
only, and then experimental diets were provided as a single
bolus by gastric intubations. Animals were maintained ac-
cording to the rules and regulations of the animal experi-
ments committee of Okayama University.

Rice gruel preparation

Rice gruel (50 g/I.) was prepared according to the pro-
cedures described in our previous report”. Briefly, 100 g
Japonica tice (Oryza sativa L.) was soaked in 200-250 mL of
distilled water for about 1 h, and blended until reaching a
dense milky appearance. The volume of blended rice was
made up to 2.2 L with distilled water and boiled over a gas
burner with continuous stirring until the final volume was
2L

Feeding and sampling

For a single oral dose, animals were lightly anesthetized
with diethyl ether then S (90 g/L) (Sorbitol, Nacalai Tesque
Inc., Kyoto, Japan; Lot no. M3G8055) was dissolved either
in distilled water or in RG and ingested as a single oral
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dose (1.2 g/kg b.w,, containing 0.5 g/L phenol red as a re-
covery marker) to the S (control) and S + RG groups (7 =
7) respectively. This dose is over the laxative dose for hu-
mans. Animals were sacrificed by diethyl ether anesthesia
exactly 1 h after dose administration, without any access to
drinking water''". The whole gastro-intestinal tract was re-
moved as quickly as possible and frozen in dry-ice-acetone
to prevent the movement of gastro-intestinal contents, and
immediately preserved at -30°C for subsequent analysis.

Analytical methods

The frozen gastrointestinal tract was defrosted over the ice
bag, weighed and subdivided into the stomach, small in-
testine (17, 2™ 3 and last quartet), the proximal half and
the distal half of the colon. The contents of each segment
were separately collected, homogenized and centrifuged
according to the procedures described by Soontornchai
et al™. The mass of the contents of each gastrointestinal
segment was calculated from the mass of tissue with and
without contents. The collected supernatants were ana-
lyzed colorimetrically (UV 1200, Shimadzu Corporation,
Kyoto, Japan) for phenol red with bile acid correction'”
For S analysis, supernatants were deproteinized, deriva-
tized and analyzed by HPLC (Stainless steel column: Inert-
sil ODS-80A 150 mm X 4.6 mm i.d., Dectector: Shimadzu
SPD-10A UV-VIS, Shimadzu Corporation, Kyoto, Japan)
methods as described by Miwa ez al'™. For maximum re-
covery of phenol red from gut segments, the tissue of
each segment was thoroughly homogenized in 5 mL physi-
ological saline with a rotary stainless steel homogenizer
in a centrifuge tube, and centrifuged at 45000 X gat 4°C
for 15 min (Himac-GX series: Himac CS 100GX micro
ultra centrifuge, Hitachi Ltd., Tokyo, Japan). The collected
supernatants were treated similarly for measurement of
phenol red.

Calculations
The gastric emptying, intestinal transit, and S absorption
indexes for each segment of intestine were calculated by
the following equations, which were slightly modified from
those of Reynell and Spraym.
Gastric emptying (%) =

Total phenol red recovered from the int estinal tract

X 100

Total phenol red recovered from whole gastro int estinal tract

Intestinal transit from the 1™ to the last quarter of the
small intestine and the proximal colon of the large intes-
tine was calculated by the following formula.
Digesta transit in a certain quarter or part of the intestine
(%o) = Z_ X 100

Where, “a” is the amount of phenol red recovered
from the 1" quarter of the small intestine to the distal co-
lon excluding the amount of phenol red recovered from
that respective quarter or the part of colon, and “b” is the
total amount of recovered phenol red from that respective
quarter to distal colon.

The S absorption index in a certain quarter of the
small intestine and in the proximal and distal colon was
calculated by the following formula.

Sorbitol absorption index (%) = (1_ %) X 100
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Table 1 Transit of the marker (phenol red) in the different

segments of the intestinal tract during 1 h after the dose
ingestion (mean + SD)

Group Small intestine Colon

1% quarter 2" quarter 3" quarter Last quarter Proximal
Sorbitol (%) 91.94 + 8.74 84.56 +10.2 69.66 +15.42 44.22 +19.68 2.48 + 2.09
S+ RG (%) 87.40+9.05 76.39 +£10.4 56.97 +16.04 36.48 +17.96 3.07 + 2.27

Values indicate the amount of marker (phenol red) passing into the following
segments, as a percentage of the total marker that entered that particular
segment.

Where, “a” is the total amount of S recovered from
that respective segment and “b” is the total amount of
phenol recovered from the same segment of the small
intestine; “c” and “d” are the amount of S and phenol red
injected into corresponding animal, respectively. Put sim-
ply, the value of the S absorption index (%) for a certain
segment means the percentage of total S passing through
that segment that was absorbed.

Statistical analysis

Data are presented as means and standard deviations for 7
animals. Statistical analyses were performed between con-
trol (S) and S + RG groups by the Tukey-Kramer’s test us-
ing statistical software (Statview, Version 5.0, SAS Institute
Inc., USA). Significance of difference was considered to
be at P < 0.05.

RESULTS

Phenol red was used as a recovery marker to measure the
gastric emptying, intestinal transit, and intestinal S absorp-
tion index in this experiment. The mean recovery of the
phenol red from the gastrointestinal tract was 93.8% =+
1.56% of the given amount. A very small amount of phe-
nol red was detected in the distal colon (Figure 1) and no
feces were defecated in either group during the 1 h period
after the dose. Although the marker concentration did not
vary significantly (data not shown) between the groups
for different volumes of intestinal fluid, the distribution

80
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20
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Figure 2 Gastric emptying 1 h after the dose ingestion.

of marker from the stomach to the different segments of
the intestine showed that the marker concentration was
relatively lower in the distal part of the small intestine, and
was significantly lower in the proximal (3.54% £ 2.47% vs
16.77% £ 11.48%, P = 0.035) and distal (1.38% * 0.38%
s 3.07% £ 1.55%, P = 0.045) colon for the S + RG group
relative to the S group (Figure 1). The concentration of
marker in the stomach of the S + RG group was compara-
tively higher (46.29% £ 23.33% vs 25.69% * 7.54%, P =
0.097) than for the S group (Figure 1) due to slower (53.78%
+ 22.02% vs 74.3% * 7.12%, P = 0.098) gastric emptying
(Figure 2). As a result of the slower gastric emptying, a
smaller amount of marker was delivered to the small intes-
tine and onward at a given time in the S + RG fed group
compared to the S group. For the same reason, digesta
transit in the different segments of the gastrointestinal
tract was relatively slower in the S + RG group than in the
S-only group (Table 1).

The index for S absorption in the distal part (3 and
last quarters) of the gastrointestinal tract was greatly modi-
fied by the addition of RG to the S (Figure 3). Although
the S absorption index was relatively lower in the 1% quar-
ter of the small intestine for the S + RG group, it gradually
increased from the 3" to the last quarter of small intestine,

www.wjgnet.com



7638 ISSN 1007-9327  CN 14-1219/R

World J Gastroenterol

December 21, 2006 Volume 12 Number 47

1001

80

Sorbitol absorption index (%)

=S
HS + RG
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and to the distal part of the colon. Significant differ-
ences were found at the 3" and last quarters of the small
intestine (24.85% £ 18.88% »s 0.0 + 0.0% and 39.09% *
32.75% »s 0.0 £ 0.0%, respectively, P < 0.05) when com-
pated to the S group. It was noted that the absorption in-
dex in these two segments for the S group was zero.

The relationship between the intestinal fluid volume
and the S absorption index was inversely proportional for
both the S and S + RG groups (Figure 4). In other words,
the lower the fluid volume, the higher the absorption index
of §, in both groups. The linear correlations between the
S absorption index and the intestinal fluid volume for the
different segments of the small intestine and colon are
presented in Figure 5. From these correlations, although
the S absorption index was significantly (P = 0.006) higher
for the S group than the S + RG group in the first quarter
of the small intestine, significant but inverse results were
observed from the 2™ and last quarters of the small
intestine and in the proximal colon of the large intestine
(P = 0.056, 0.0085, 0.025, respectively). In addition, the
overall S absorption index in the whole intestine was
significantly (P < 0.0001) higher for the S + RG group
than for the S group (Figure 5).

DISCUSSION

When a moderate amount of S (up to 30 g) is taken by a
human, a very small amount of it is slowly absorbed in
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the small intestine through passive diffusion, while most
enters into the colon for bacterial fermentation to produce
various short chain fatty acids (SCFAs), and less than 10%
of the ingested amount is excreted in the feces!™'", Higher
concentrations of SCFAs, especially succinic and lactic
acid, in the colon are responsible for increased colonic
osmolality and cause osmotic diarrhea in cecectomized
rats”) and pigs[s]. It was reported that ingestion of 30-50
g of S (500-800 mg/kg b.w.) caused diarrhea in adult
humans' """, In this study, a non-physiological high and
osmotically-active single oral dose of S (1200 mg/kg
b.w.) was ingested to study the effects of RG on intestinal
absorption of S. This is also more than the laxative
threshold dose of S for humans (500-800 mg/kg).

A non-absorbable water-soluble recovery marker (phe-
nol red) was used in this study to precisely measure the
gastric emptying, intestinal transit and intestinal absorption
indexes of S. It has been reported that there may be some
binding of phenol red by the stomach tissue, even if the
rat is killed within seconds of intubation'". Therefore, the
phenol red was extracted from both the gastrointestinal
contents and their respective tissues for measurement in
this experiment, and a substantial amount of marker was
recovered from the gut tissues (13.86% * 4.62% of the
total recovery).

The total recovery of the marker was 93.8% £ 1.56%
of the given amount. Urine was not sampled for determi-
nation of the concentration of either S or for phenol red,
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Figure 5 Correlation between the sorbitol absorption index (Y axis) and intestinal fluid volume (X axis) of S (o) and S + RG (m) groups in the different segments of the
small intestine (Sl), colon, and whole intestine. The P values indicate significant differences in the 1% quarter (P = 0.0064), 2" quarter (P = 0.056), last quarter (P = 0.0085)
of the small intestine; proximal colon of large intestine (P = 0.0259); and for the whole intestine (P < 0.0001) when S and S + RG groups are compared.

as it is a non-absorbable marker and a very trace amount
only can be detected in the urine'". The excretion of S in
the urine is also only of trace amounts, cither with a low

or high single oral dose"”.

The determination of the concentration of S along
with a non-absorbable marker in the different parts of the
digestive tract after a single bolus dose with or without RG
is an important investigation that may clarify the effects
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of RG on § absorption in the small intestine. In a recent
study, Islam e# a/” reported that intestinal transit and mean
retention time of S are relatively longer when S is fed with
RG rather than alone. From the present experiment, it was
confirmed that slower gastric emptying (Figure 2) in the
S + RG group compared to the S group caused slower
digesta transit in the different segments of the gastrointes-
tinal tract.

Rice starch (RS) contained in RG is a bulk aggregation (»
= 20-60) of smaller granules (3-8 pum in diameter) than in
corn starch (5-15 um in diameter), and is larger in size (0.99
kg/T) and denser in structure than corn starch (0.63 kg/I)™;
it was found to be degraded slowly by pancreatic amy-
lase and gradually released oligosaccharides and glucose
at a slower rate in the intestinal brush border than corn
starch®. Therefore, the rate of intestinal transit of S was
relatively slower when ingested with RG, rather than alone.
After consumption of S, a shorter orocecal transit time
has been reported as a cause of S intolerance in a human-
based study””. The slower gastric emptying and slower
intestinal transit may result in maintenance of a constant
normal osmotic environment in the inner intestinal lu-
men and facilitation of S absorption to prevent osmotic
diarrhea in cecectomized rats”. In addition, slower gastric
emptying and slower intestinal transit increases small in-
testinal mineral absorption in rats™. The energy value of
sugar alcohols also depends on the extent to which they
are absorbed along the small intestine®™. I w0 and in vitro
studies showed that longer transit times in the large intes-
tine can have profound effects on bacterial physiology and
metabolism, leading to breakdown of protein and fermen-
tation of amino acids making an increased contribution
to colonic SCFA pools™ . Through this mechanism, RG
increases the nutritional value of S not only by increasing
the energy value through small intestinal absorption, but
also by preventing the possible risk of osmotic diarrhea.

The S absorption index in the 3 to the last quarter of
the small intestine was significantly increased in this ex-
periment when ingested with RG. In contrast, no S was ab-
sorbed from the above region during a 1 h period after the
ingestion of S only. It was found that the absorption index
of § in the small intestine was increased by the addition
of RG, but the actual location(s) of increased absorption
was not clear from the results of the single oral dose study.
However, from the existing data it can be assumed that the
highest amount of S was absorbed in the upper half of
the small intestine, for both groups. Further study using
a continuous feeding method could confirm the quantita-
tive information on S absorption from the small intestinal
tract. However, it was previously reported that RG releases
an increased amount of glucose at the luminal surface as
well as over a large segment of the small intestine””. In
the presence of extra glucose, the influx of S across the
luminal membrane increased significantly[m]. Motreover,
slower gastric emptying and slower transit time caused by
RG lengthened the contact time between S and intestinal
mucosa, and facilitated the absorption of S by passive dif-
fusion™. Although RG releases an increased amount of
glucose, it avoids creating additional osmolality at the lu-
minal surface, because the release of glucose occurs slowly
from the polysaccharide and is over a large segment of the
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intestine”. The higher absorption of S in the presence of
extra glucose prevented hyper-osmolality in the intestinal
lumen, which prevented osmotic diarrhea in cecectomized
rats.

Transit and volume of the intestinal fluid are important
determinants of the degree of digestion and absorption
in the small intestine. Both parameters, when they are in-
creased excessively, have the potential to reduce degrada-
tion and absorption by limiting substrate contact with the
mucosal surface™ !, The relatively slower transit and lower
intestinal fluid volume in the S + RG group than in the S
group enhanced the absorption of S from distal parts of
the small intestine and colon. A linear correlation between
the S absorption index and fluid volume was found in this
study (Figure 5).

From the results of out present study it can be summarized
that the possible causes of indigestible but fermentable
material-based diarrhea are: (1) faster intestinal transit; (2)
small intestinal mal-absorption; (3) incomplete colonic
fermentation of S, and (4) slower absorption of some
organic acids (e.g;, lactic, succinic) from the colon.

The above summarized points are interrelated, with a
sequential tendency, and are supported by some previously
reported proposals of Rambaud e# 2/, Ammon ¢ 4/, and
Islam ef a/”.

In summary, our study shows that RG plays an
important role in stimulating the small intestinal absorption
of S. As a result, a2 smaller amount of S entered into
the colon for fermentation. Moreover, due to a slower
transit time, the S that entered the colon was completely
fermented to rapidly absorbable SCFAs and this prevented
the possible increment of osmolality by some organic
acids (e.g., lactic, succinic). These may be the mechanisms
by which hard feces were formed in the mid to distal colon
of the cecectomized rats.
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