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Abstract. The quantity of free and total (measured after hydrolysis) glucose in the small
intestine was examined in rats during a daily period of high food intake. In experiment 1, rats
were fed a high-glucose diet, and intestinal contents for analysis were collected by several

procedures, all of which yielded similar results.

In experiment 2, nutritionally adequate diets

containing 66.9% carbohydrate as glucose or cooked (pregelatinized) or raw cornstarch were
fed ad libitum for 13 days. The small intestine then contained 37 and 40.6 mg free and total
glucose, respectively, in glucose-fed rats, similar amounts of both components in animals
fed the cooked starch, and 600+% more total glucose in rats fed raw cornstarch than
glucose. In all three dietary groups, total glucose content of the intestine was positively
correlated with dry matter content of the stomach.

The feeding of some but not all starches
in place of glucose in nutritionally adequate
diets reduces total liver lipids in rats and
also the activities of some enzymes related
to lipogenesis (1—4). The reason for differ-
ent responses is not altogether clear. Some
starches do affect energy intake by animals
and differ in the completeness of their di-
gestion in the intestinal tract (5, 6). We
suggest that the degree of delay in the hy-
drolysis of different starches in the small
intestine could affect both the amount and
distribution of carbohydrate along the in-
testine and could influence variability in the
rate of intestinal absorption of glucose and
that these gastrointestinal effects might be
responsible for nutritional effects.

In an attempt to examine the hypothesis,
rats were ad libitum fed carbohydrate diets
containing either free glucose or a starch
which was easy or difficult to hydrolyze;
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and we have examined the amount of car-
bohydrate in the small intestine of these
animals during a period of high food intake.
It was recognized that the intraintestinal
carbohydrate, particularly in glucose-fed
animals, represents a small and labile pool
which could change markedly at the time of
death if gastric emptying and intestinal ab-
sorption were then disturbed to different
degrees. In experiment 1, we tested the ef-
fect of several methods of killing on the
amount of carbohydrate recovered from the
small intestine of glucose-fed rats. In ex-
periment 2, we fed diets containing 66.9%
raw cornstarch, cooked (pregelatinized)
cornstarch, or anhydrous glucose and de-
termined the amounts of free and total (i.e.,
measured after enzymatic hydrolysis) glu-
cose in their intestine.

Materials and Methods. Animals. Male
Wistar rats, weighing 125—180 g, were ob-
tained from Hilltop Laboratory Animals,
Inc., Scottdale, Pennsylvania. Animals
were immediately put on a 12:12-hr light
cycle, with darkness starting each day at
0930 hr. Rats were ad libitum fed, for at
least 13 days, one of the three diets de-
scribed in Table I. Food intake was mea-
sured during the 3.7- to 7.9-hr period of the
final dark cycle until intestines were re-
moved.
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TABLE 1. CoMPOSITION OF DIETS

Percentage

Carbohydrate® 66.91
Lactalbumin® 10.00
Casein, vitamin free? 10.00
Partially hydrogenated

vegetable oil (Crisco) 3.00
Corn oil (Mazola) 2.00
Vitamin mix, AOAC (7)¢ 1.00
Mineral mix, AIN-76 (8)¢ 3.09
Nonnutritive cellulose

(Alphacel)’ 4.00

7 Either anhydrous glucose (Teklad), cooked (pre-
gelatinized) cornstarch (National), or raw cornstarch
(Teklad).

® From ICN Pharmaceutical Company.

¢ From Teklad Diets.

“ Specially compounded without carbohydrate.

Experiment 1. The high-glucose diet of
Table I was fed to 28 rats, and 14 of these
were fitted with a device for occluding the
pyloric sphincter immediately after de-
capitation. The latter animals were first
anesthetized with sodium secobarbital, and
their abdominal cavity was opened. A
flexible tube (PE-60, intramedic, non-
radiopaque polyethylene tubing, Clay
Adams) was passed throught the body wall,
under the skin and out between the
scapulae. A silk thread was looped loosely
around the pyloric sphincter, and both ends
were passed through the tube and knotted
just outside the body. The incision was then
closed. Animals were allowed 7—13 days to
recover. All were gaining weight when
killed.

The small intestine and stomach were
removed promptly after one of the follow-
ing four procedures: (1) surgically prepared
rats were guillotined, and the pyloric
sphincter was immediately occluded by a
pull on the implanted loop; (2) surgically
prepared animals were guillotined, but the
loop was not pulled; (3) intact animals
were guillotined; and (4) intact animals
were not guillotined but were anesthetized
with sodium amobarbital (100 mg/kg ip).
The body cavity was first opened. The
stomach was clamped just above the
pyloric sphincter. While the proximal
duodenum was compressed, the pyloric
sphincter was severed; and the small intes-

tine was carefully pulled free of mesentery.
The intestine was transected just above the
caecum, placed in 10% trichloroacetic acid
(TCA), and homogenized in a Virtus
homogenizer. The interval from decapita-
tion to intestinal submergence in TCA av-
eraged 100 sec. Stomachs were tied at both
the esophageal and pyloric ends, removed,
and stored frozen for up to 2 weeks.

Samples of the intestinal homogenate
were filtered, heat treated in 1.1 N hydro-
chloric acid (9), neutralized and analyzed
for glucose by the method of Dubowski
(10). Stomach contents were transferred
quantitatively to weighed beakers, as pre-
viously described (11), diluted and analyzed
for glucose (10).

Experiment 2. Groups of eight rats were
each ad libitum fed, for 13 days, one of the
three diets from Table 1. They were
weighed daily between 0830 and 0930 hr.
Food intake was measured for 48 hr prior to
the final daily weighing.

The procedure for removing the small
intestine was modified as a result of find-
ings from experiment 1, and these changes
are described under Results. The intact in-
testine was promptly placed in a cold
fluoride-containing, sodium citrate buffer
(pH 4.2) (12) designed to inhibit glycolysis
and the hydrolysis of starch by pancreatic
amylase; and was promptly homogenized.
The homogenization flask and contents
were placed for 5 min in a boiling water
bath. This treatment inactivated intestinal
enzymes and gelatinized the starch, when
present. An aliquot of the homogenate was
filtered and analyzed enzymatically for free
glucose (13). The remainder was incubated
overnight at room temperature with 1 mg
Rhizopus amyloglucosidase (from Sigma
Chemical Corp.) per milliliter sample. An
aliquot of the sample was filtered and was
also analyzed enzymatically for glucose,
which, in this case, represented both ini-
tially free and diomerized and polymerized
glucose. This was called ‘‘total glucose.”’

The enzymatic procedure for glucose
measured spectrophotometrically the
NADPH formed by the coupled hexokinase
and glucose-6-phosphate dehydrogenase
reactions (13). A kit of reagents and en-
zymes from Calbiochem—Behring Corpo-
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ration was used. A 3.0-ml portion of the
reagent mixture obtained by diluting and
mixing reagents provided sufficient buffer
capacity to accommodate at least 0.04 ml of
the mildly acid intestinal extracts.

Stomachs were also removed and prompt-
ly frozen. Within 2 weeks, their contents
were removed (11), dried overnight at 100°,
and weighed.

Results. Experiment 1. None of the ter-
minal procedures affected significantly the
amount of carbohydrate recovered in the
small intestine. There was no clear indica-
tion of a large postmortem discharge of
stomach contents through the pyloric
sphincter in any of the rats (Table II). It was
decided, for experiment 2, that pyloric
loops would not be installed and that
animals would be killed by decapitation.
The time for removing the intestines was
reduced usually to less than 75 sec.

The rats of experiment 1 were apparently
caught at greatly different stages between
meals, for the glucose contents of the
stomachs ranged between 374 and 10,600
mg/kg body weight. It was decided, for ex-
periment 2, that animals would not be killed
until 4.3 hr into the dark cycle and then only
when they had eaten at least 2 g diet since
the previous light period. Two animals per
group were killed on each of 4 days.

Experiment 2. The procedure for deter-
mining total glucose in intestinal contents
was tested against weighed samples of raw

cornstarch and yielded 95+ % of the amount
of glucose theoretically present. Compari-
sons of values for free and total glucose in
the small intestine, as reported in Table III,
provided further tests of the analytical pro-
cedure. In glucose-fed rats, total glucose
exceeded the 37.0 mg value for free glucose
by 3.6 mg or 10%. The extra glucose re-
leased by amyloglucosidase is thought to
have been derived from glycogen and some
glycoprotein in the intestinal wall. The dif-
ference between free and total glucose ex-
ceeded 10% in starch-fed animals and is
thought, in this case, largely to represent
incompletely hydrolyzed starch.

Weight gains of rats in the three diet
groups averaged 5.5—6.7 g per day for the
13-day period when test diets of Table I
were fed. Animals fed the diet containing
cooked cornstarch, however, gained slight-
ly but significantly less than did those fed
either of the other two diets.

The amount of intestinal free and total
glucose did not greatly differ between rats
fed either the glucose or cooked cornstarch
diet. For animals fed the cooked corn-
starch, incompletely hydrolyzed starch
and glycogen represented only 28% of total
glucose. For animals fed the raw cornstarch
diet, free and total glucose content of the
intestine was, respectively, 77% and
600-+% higher than for glucose-fed rats.

Discussion. We have observed (unpub-
lished data), while ad libitum feeding a

TABLE II. CARBOHYDRATE RECOVERY FROM STOMACH AND SMALL INTESTINE OF
GLUCOSE-FED RATS AFTER VARIOUS TERMINAL PROCEDURES (EXPERIMENT 1)

mg/kg body weight

Final body Time
Terminal weight of kill” Glucose Carbohydrate in
procedure (g) (hr) in stomach” small intestine®
Decapitated; 275 4.5 2150 = 600¢ 78+ 5
loop pulled (237-358)" (3.2—6.0)1
Decapitated; 296 5.0 3060 = 930 108 + 15
loop not pulled (237-371) (3.7-5.6)
Intact; 277 5.4 4350 + 1530 94 + 16
decapitated (212—-336) 4.3-7.9)
Intact; 271 5.7 3640 = 750 87 + 13
anesthetized (187—-346) 3.7-7.3)

« Measured from start of dark period at 0930 hr.

v “‘Carbohydrate’” is the amount of glucose recovered in an aqueous extract after hydrolysis in 1.1 N HCI.

¢ Mean = SEM for groups of seven rats.
4 Numbers in parentheses indicate range.
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TABLE III. DIETARY CONDITION OF RATS AND AMOUNTS OF FREE AND TOTAL GLUCOSE
RECOVERED FROM THEIR SMALL INTESTINES (EXPERIMENT 2)

Raw cornstarch diet

Cooked cornstarch diet Glucose diet

(1) Days of ad libitum feeding 13
(2) Body weight gains, g®? 85.9 +4.5!
(3) Final body weights, g 308 = 5!
(4) Food intake for final
2 days, g 459=1.0
(5) Time of kill from start of
dark, hr 5.5
Range (4.3-6.7)
(6) Amount eaten during final
dark period, g 8.53 £ 0.85
(7) Dry matter in stomach, mg 1340 = 260
In small intestine,
(8) Free glucose, mg 65.6 + 8.2!
(9) Total glucose, mg? 290.0 = 40.2!
(10) Correlation coefficient
between (7) and (9) 0.72¢

13 13
71.8 * 4.6 87.6 = 3.1
294 + 52 310 = 4!
44.0=19 455+ 1.5

5.5 5.5
(4.5-6.8) (4.8-7.0)
7.68 + 1.31 6.96 = 0.71
1270 + 270 1240 = 330
38.7 £ 5.2 37.0 = 10.12
53.4 4.3 40.6 = 10.82

0.85 0.76¢

“ Mean = SEM with eight rats per group.

® Means having different superscript numbers are different (P < 0.05) by Duncan’s multiple range test.
“ Measured during 48-hr period ending at 0900—0930 hr on final day.
4 Amount of glucose recovered after hydrolysis of sample with fungal amyloglucosidase.

¢ Significantly different (P < 0.05) from zero.

high-glucose diet that was almost identical
to the present one, that Wistar rats con-
sumed 30% of their daily intake between 4
and 8 hr after the start of the 12-hr period of
darkness. Gastric emptying of glucose then
proceeded at an average rate of 2.2 g/hr/kg
metabolic body weight, i.e., per (kg body
weight)®4, In experiment 2, the average
body weight of 310 g for animals fed the
glucose diet represents 0.415 kg metabolic
body weight. For rats of this size, the pre-
viously observed gastric emptying rate cor-
responds to 15.1 mg glucose/min. The 37
mg free glucose recovered in the small in-
testine of glucose-fed animals (Table III)
corresponds to an amount discharged by
the stomach at its average rate for 2.5 min.
This finding implies relatively prompt ab-
sorption of glucose in the intestine, and it
reinforces the notion that for simple sugars,
particularly, gastric emptying controls the
rate of intestinal absorption (14).
Undoubtedly, hydrolysis of starch by
pancreatic amylase persisted after decapi-
tation during the 75 sec required for the re-
moval of the intestine. Postmortem hydro-
lysis appears to cause an overestimation of
free glucose in the intestines of starch-fed

animals. Despite some quantitative uncer-
tainty, the fraction of the intestinal carbo-
hydrate that had been hydrolyzed to glucose
was far higher, 72 versus 23%, when cooked
rather than raw cornstarch was fed.

The main finding of the present study was
that the small intestine of rats fed the raw
cornstarch diet contained 400+ and 600+ %
more total glucose than that from rats fed
cooked cornstarch or free glucose, respec-
tively. The extra carbohydrate recovered
with the feeding of raw cornstarch appears
to reflect slow hydrolysis of the starch in
the intestine and the persistence of glucose
polymers that were too large for absorp-
tion. Pregelatinization of the starch en-
hanced its susceptibility to amylase activity
and reduced by 90% the amount of glucose
complexes remaining in the intestine.

The question arises how a delayed hy-
drolysis of starch might act to depress he-
patic glucose-6-phosphate dehydrogenase
and malic enzyme. It has been reported
that, during ‘*meal-training’’ to a single 2-hr
eating period per day (15, 16) and also dur-
ing the refeeding of starved rats (17, 18), an
increase occurs first in lipogenesis and then
in activities of some lipogenic enzymes.
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Apparently, lipogenesis and enzyme ac-
tivities are affected by periods of high sub-
strate availability. We propose that the sus-
ceptibility of starches to hydrolysis in the
intestine may affect peak rates of hepatic
uptake of glucose by influencing digestive
and endocrine processes.

Simple sugars are, in effect, introduced
into the intestine at a more distal region
when the fed starch undergoes slow rather
than rapid hydrolysis. Gastroinhibitory
polypeptide (GIP), which is physiologically
important in potentiating insulin release by
circulating glucose in the pancreas, is un-
evenly distributed in the intestinal tract
(19). In man, an infusion of glucose elevates
serum GIP more markedly when it is intro-
duced into the proximal portion, rather than
into a more distal region, of the intestine
(20). Some other enteric hormones, whose
secretion may or may not be affected by
ingested glucose, are also unevenly distrib-
uted within the intestinal tract (21). The
amount and distribution of glucose within
the intestinal tract, which is influenced by
the kind of starch fed, may have important
hormonal implications which affect hepatic
lipogenesis.

The delivery of carbohydrate from the
stomach to the intestine and blood also
warrants comment. The stomach delivers
nutrient energy from various nutrient
sources to the intestine at relatively con-
trolled rates (22). During eating, however, a
bolus of unregulated energy content enters
the duodenum (23). Prior to the next meal,
gastric emptying may slow down, as gastric
contents are depleted and becomes in-
creasingly acid (14). The correlation that we
observed between gastric dry matter con-
tent and intestinal carbohydrate lends
further support to the concept that during
periods of high food intake, the rate of entry
of carbohydrate into the intestine fluctuates
between meals.

In experiment 2, raw cornstarch was well
tolerated and supported a high rate of
growth. During the middle of the dark pe-
riod, the total glucose recovered in the in-
testine of rats fed the raw starch approxi-
mated the amount of estimated delivery
from the stomach in a 19-min period.

Meanwhile, rats were eating definite meals
at intervals of perhaps 1-3 hr (24). We
think that, when raw cornstarch was fed, its
relatively slow hydrolysis in the intestine
reduced the rate of glucose absorption
during meals, sustained glucose absorption
as emptying slowed prior to the next meal,
and tended to dampen out fluctuations in
the rate of delivery of nutrient energy to the
metabolic system during periods of rapid
food intake.

Our findings indicate that (i) the amount
of free and total glucose in the small intes-
tine can be satisfactorily measured; (ii) the
amount of total glucose in the small intes-
tine may be greatly increased by the feeding
of a moderately amylase-resistant, but still
well-utilized, starch; and (iii) the measure-
ment of free and total glucose helps clarify
physiologically important events occurring
in the intestinal tract.
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