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Effects of Diabetes on Development of Small Intestinal Enzymes of Infant Rats (42636)
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Abstract. The effect of streptozotocin (SZ) on the development of small intestinal enzymes in
postnatal rat pups was studied. SZ was injected ip on Day 10 and, if necessary, again on Day 12.
On Days 15, 18, and 21, one pup from each group (including a vehicle-injected control (C)
group) was decapitated under conditions which minimized stress. Plasma glucose, insulin (IRI),
and corticosterone were measured, as were pancreatic IR, liver glycogen, and liver membrane
binding of IRI. Small intestinal segments were processed and analyzed for sucrase, lactase,
maltase, and ileal acid 8-galactosidase activities. Our results indicate that plasma glucocorticoid
levels remained virtually constant in both SZ and C groups, while the ontogenic profiles of
sucrase and maltase in SZ rats were shifted toward an earlier appearance and a precocious
maturation. Circulating levels of IRI were not reduced significantly by SZ despite the fact that
pancreatic IRI was decreased 95%. Jejunal lactase, unlike data reported for adult diabetic rats,
was not affected by SZ diabetes. Also, acid 5-galactosidase was unaltered in the SZ rat pups. It is
concluded that possibly the elevated disaccharidases seen in diabetic postnatal rat pups are the
direct effect of elevated blood glucose. If so, the SZ rat pup model may be a useful tool with
which to study effects of glucose on intestinal enzymes in the absence of changes in plasma

insulin.

© 1988 Society for Experimental Biology and Medicine.

The effects of diabetes on intestinal brush-
border hydrolases in adult rodents are well
documented. Both total and specific activi-
ties of sucrase, maltase, and lactase increase
several days after induction of diabetes with
alloxan or streptozotocin (1-4). The effects
are prevented or markedly diminished by in-
sulin therapy, suggesting that they are the re-
sult of insulin deficiency and not a direct ef-
fect of the agent used to produce diabetes.
Interestingly, exogenous insulin administra-
tion also increases sucrase, lactase, and alka-
line phosphatase activity in adult nondia-
betic rats (5). Intestinal disaccharidase activi-
ties are also elevated in genetically diabetic
mice; however, lactase appears to be a lone
exception in this regard (6). In contrast to the
many reports in adult rats, the effect of dia-
betes in infant rats, especially on the develop-
ment of small intestinal enzymes, has not
been examined.

Rat small intestinal enzymes which are in-
volved in carbohydrate hydrolysis undergo
major developmental changes accompany-
ing the process of weaning (7). The develop-
mental changes are characterized by two
groups of enzymes. The first group of en-
zymes, represented by sucrase and maltase,
increases in activity during the third postna-
tal week (8, 9). The second group of en-

zymes, represented by lactase and acid (-ga-
lactosidase, decreases in activity during the
third postnatal week (8, 10). The hormones
corticosterone and thyroxine have been im-
plicated as regulators of many of these enzy-
matic changes (7, 11). The role of insulin in
the ontogeny of intestinal brush-border di-
saccharidases has been recently studied on
intestinal explants in vitro and in vivo in
suckling mice by Menard’s group (12-15). A
premature appearance of sucrase activity and
an increase in both maltase and lactase activ-
ities were observed in 8-day-old mice in-
jected with insulin. A direct, stimulatory ef-
fect of insulin was observed in explanted tis-
sue. This effect of exogenous insulin is in
apparent contradiction with the expected ef-
fects of insulin deficiency induced by dia-
betes on intestinal disaccharidases in adult
rats. That is, it would not necessarily be ex-
pected that both insulin excess in young (12,
15) and old (5) rodents and insulin defi-
ciency in diabetic adult rodents (1-4) would
increase small intestinal hydrolase activity.
Thus, the goal of the current investigation
was to determine the effect of diabetes on the
development of small intestinal enzymes of
infant rats.

Materials and Methods. Chemicals.
Streptozotocin, bovine serum albumin, thi-
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merosal, Trizma, bacitracin, 5'-adenosine
monophosphate, glucose 6-phosphate,
anthrone, dextran, a-lactose, maltose, p-
chloromercuribenzoic acid, o-nitrophenol-g-
D-galactopyranoside, o-nitrophenol, and un-
labeled corticosterone were obtained from
Sigma Chemical Co. (St. Louis, MO). Ethyl-
enediamine tetraacetate disodium salt, su-
crose, and activated charcoal (neutral Norit)
were obtained from Ames Company (Elk-
hart, IN), and glucose reagent (glucose oxi-
dase) kits were obtained from Boehringer-
Mannheim Co. (Indianapolis, IN). '**I-insu-
lin (porcine) and [1,2,6,7->H]corticosterone
were obtained from New England Nuclear
(Boston, MA). Unlabeled rat insulin and un-
labeled porcine insulin were obtained from
Eli Lilly Co. (Indianapolis, IN). Guinea pig
anti-rat insulin serum was obtained from
Linco Research, Inc. (Eureka, MO). Goat
anti-guinea pig gamma globulin was ob-
tained from Antibodies, Inc. (Davis, CA).
Normal carrier serum (guinea pig) was ob-
tained from Kew Scientific, Inc. (Columbus,
OH). Trasylol was from Bayer, Italy. All
other chemicals were reagent grade.

Animals. Timed-pregnant Sprague-Daw-
ley rats (Charles River Crl:CD[SD]BR) were
obtained from Charles River Breeding Labo-
ratories (Wilmington, MA) and were housed
in animal quarters under a 12-hr light/dark
cycle with food and water available ad [ibi-
tum. On the due date, rats were checked
twice daily for births. The birth date was re-
garded as Day 0. Approximately 24 hr fol-
lowing birth, litters were reduced to nine rat
pups per dam.

On postnatal Day 10, pups from the same
litter were divided into two pair-weighted
groups, 1.e., three pups in the control group
(C) and six pups in the streptozotocin (SZ)
treatment group. Diabetes was induced in
the SZ group pups by intraperitoneal injec-
tions of SZ (75 mg/kg body wt). Control
pups received an equivalent volume of buffer
(0.1 M citrate, pH 4.5). Glucose in urine was
tested daily from the date of first injection by
using Clinitrix reagent paper strips. Pups
were reinjected with the same dose of SZ on
Day 12 if necessary to establish persistent
glycosuria.

Assay of plasma glucose, insulin, and cor-
ticosterone. On Days 15, 18, and 21, one pup

from each group (C, SZ) of each litter was
sacrificed by decapitation using conditions
designed to minimize stress (8). Trunk blood
was collected in heparinized test tubes which
contained 1000 U Trasylol/ml of blood to
inhibit insulin degradation. The blood was
centrifuged at 3000 rpm for 15 min at 4°C.
Plasma was stored at —20°C. One aliquot of
plasma was analyzed for glucose concentra-
tion.

Immunoreactive insulin (IRI) was mea-
sured in plasma and tissue by a double-anti-
body radioimmunoassay (16). The buffer
used in the RIA was 1% BSA, 50 mM
NaH,PO,, 0.9% NaCl, 0.025% thimerosal,
and 0.025 M EDTA. On the first day of
assay, the rat insulin standards (from § to 0.1
ng/ml) or plasma sample and guinea pig
anti-rat insulin serum (GPAIS) were added
in the assay tube. The final concentration of
GPALIS in the assay tube was 1:50,000. The
reaction mixture was kept at 4°C for 24 hr.
On the second day the tracer (porcine '*I-
insulin, sp act 100 uCi/ug) and normal
guinea pig serum (1:200) were added to the
assay tube. The final concentration of tracer
in the assay tubes was 50-100 pg of '*’I-insu-
lin. The reaction mixture was left at 4°C for
another 24 hr. On the third day, goat anti-
guinea pig serum (P4 1:100) was added to the
assay tubes. The reaction mixture was stored
at 4°C overnight. On the last day, the reac-
tion mixture was centrifuged at 3000 rpm for
30 min. The supernatant was aspirated and
the precipitate was counted.

Another aliquot of plasma was analyzed
for total corticosterone by an established
competitive binding assay (17).

Assay of pancreatic insulin content. The
pancreas was dissected out at the time of sac-
rifice. It was homogenized in 2 N acetic acid
and heated at 100°C for 5 min to inactivate
proteases. After centrifugation, the superna-
tant was stored at —20°C for assay of pancre-
atic insulin content. At the time of assay, the
supernatant was neutralized with 1 N NaOH
and then diluted from 1:200 to 1:10,000. Ra-
dioimmunoassay as described above was
used to measure the pancreatic IRI (insulin)
content. Hormone content is reported as
nanograms of hormone per milligram of tis-
sue wet weight.

Assay of liver glycogen. A piece of liver was
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taken at the time of sacrifice, placed on dry
ice, and then stored at —32°C for assay of
liver glycogen content. At the time of assay,
liver tissue was digested in 30% KOH and the
glycogen content was measured by the
anthrone method of Seifter ef al. (18).

Assay of intestinal disaccharidases and
acid B-galactosidase. Small intestine (from
the ligament of Treitz to the ileocecal junc-
tion) was removed from the decapitated rats.
The proximal half of this length is defined as
jejunum and the distal half is defined as
ileum. The two segments were flushed thor-
oughly with ice-cold saline and stored sepa-
rately at —10°C for assay of jejunal disac-
charidases and ileal acid $-galactosidase.

Jejunal disaccharidases were assayed ac-
cording to the method described by Henning
(8). The homogenates of jejunal mucosa
were used directly for the sucrase and lactase
assay but were diluted further for the maltase
assay. Glucose produced from sucrose, mal-
tose, and lactose was measured with glucose
reagent kits. Protein was determined by the
method of Lowry et al. (19). Acid §-galacto-
sidase was assayed in the ileum by the
methods described by Henning and Leeper
(20), which is a modification of the original
method of Koldovsky and Sunshine (21).
Enzyme activities were expressed as micro-
moles glucose per hour per milligram of mu-
cosal protein.

Statistical evaluation. All results are pre-
sented as means * SE. Statistical analysis was
performed by Student’s ¢ test for nonpaired
samples (two-tailed). Comparison was made
with the appropriate control group. P values
of 0.05 or less were accepted as significant.

Results. Effects of streptozotocin. Two
days after the first injection of SZ, i.e., on
Postnatal Day 12, less than 10% of the in-
jected pups were glycosuric. A second dose of
SZ was injected into the aglycosuric pups.
On the next day (Day 13), glucosuria ap-
peared in 60-70% of the SZ-injected pups.
Some of the remaining 30-40% of the SZ-in-
jected pups were glycosuric only for a few
following days; some never became diabetic.
The pups with persistent glycosuria were in-
cluded in the SZ group and sacrificed on
Days 15, 18, and 21. Figure 1A shows that
body weight increased from Day 15 to Day
21 in control rats. As compared with control
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FIG. 1. Effects of streptozotocin (SZ) on body weight
(A) and plasma glucose (B) of newborn rats sacrificed at
three postnatal ages. Open bars are control rat pups,
shaded bars are experimental (SZ) rat pups, vertical bars
are SEM, and number in parentheses = number of ob-
servations for each group.

rats, the body weight of SZ pups was signifi-
cantly lower on all 3 days of sacrifice (P
< 0.05).

The effect of SZ on plasma glucose is
shown in Fig. 1B. The basal levels of plasma
glucose of control rats were constant with
age, approximating 150 mg/dl. The plasma
glucose of SZ pups on Day 15 averaged 485
+ 51 mg/dl, which was threefold higher than
that of control pups (P < 0.01). On Day 18,
hyperglycemia peaked in SZ pups. The
plasma glucose of SZ pups was 791 = 138
mg/dl, which was almost five times that of
the control rats (P < 0.01). The large stan-
dard error of the SZ group indicated the vari-
ation in response of individual pups to the
B-cytotoxin, On Day 21, the remaining SZ
pups appeared to be in much better physical
condition than on Day 18. The plasma glu-
cose decreased to 455 + 8 mg/dl, but was still
significantly higher than that of the control
pups (P < 0.01). Hyperglycemia and glyco-
suria both indicated that the SZ had an es-
tablished diabetic lesion.

The effect of SZ on liver glycogen content
also was examined on Days 15, 18, and 21
(data not shown). Liver glycogen content of
SZ pups was only 10% that of the controls on
Day 15 and 60% on Days 18 and 21 (P
< 0.01, 0.05, and 0.01, respectively).

Figure 2A shows the effect of SZ on
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FIG. 2. Effects of streptozotocin (SZ) on plasma insu-
lin levels (A) and pancreatic insulin concentrations (B)
in newborn rats sacrificed at three postnatal ages. Other
legend details are identical to those of Fig. 1.

plasma insulin (IRI) of the SZ pups. There
was no statistically significant difference be-
tween plasma insulin of SZ pups and that of
the control pups at the ages studied. How-
ever, there was a strong tendency of decreas-
ing plasma insulin of SZ pups on Day 21.
One observation in the control group on Day
18 was quite deviant from the average value
(8.8 ng/ml). If excluded from this group, the
mean and standard error would be 2.6
ng/ml, as indicated by the dashed line.

Because of the apparently “normal” circu-
lating concentration of IRI in SZ pups, im-
munoreactive pancreatic insulin content also
was measured to confirm the diabetogenic
effect of SZ. Figure 2B shows that the pancre-
atic IRI content of the SZ pups was only 4%
(P < 0.01) that of the control pups on Day
15, 5% (P < 0.01) on Day 18, and 5% (P
< 0.01) on Day 21. Thus, it was observed
that SZ is an effective B-cell toxin in this rat
pup system.

Despite the metabolic derangements of the
SZ pups, the circulating level of total corti-
costerone was not elevated within the experi-
mental observation period. It was 1.8 + 0.2
pg/dl for SZ pups versus 2.1 + 0.7 ug/dl for
control pups on Day 15, 4.3 + 1.3 ug/dl
versus 4.8 + 1.5 pg/dl on Day 18, and 6.0
+ 1.0 pg/dl versus 4.6 £+ 0.9 ug/dl on Day 21.

Effects of diabetes on the developmental
patterns of small intestinal enzymes in SZ-
injected rat pups. The effects of diabetes on

the small intestinal enzyme activities of in-
fant rats were examined on Postnatal Days
15, 18, and 21. Figure 3A presents the devel-
opmental pattern of sucrase activity of SZ
pups and control pups. Sucrase activity was
almost undetectable in the control pups on
Day 15, but was readily measured in the dia-
betic littermates (P < 0.01). On Day 18, su-
crase activity was increased in the controls,
but it was more than twofold higher in the
diabetic pups (P < 0.01). The difference be-
tween sucrase activity of diabetic pups and
that of the controls was diminished to a level
below that of statistical significance on Day
21 because the activity increased steeply in
the control pups between Days 18 and 21.

A similar pattern was observed for maltase
activity (Fig. 3B). On Day 15, maltase activ-
ity was already present in the control pups,
but it was elevated twofold in the diabetic
littermates (P < 0.01). This difference was
still statistically significant on Days 18 and
21 (P < 0.01).

Data for two enzymes which display de-
clining activities during postnatal develop-
ment are presented in Fig. 4. Lactase activity
(Fig. 4A) was not significantly different in
diabetic and control pups at any age studied.
Similarly, ileal acid 3-galactosidase (Fig. 4B)
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FIG. 3. Effects of streptozotocin (SZ) on intestinal su-
crase activity (A) and maltase activity (B) of newborn
rats sacrificed at three postnatal ages. Assays were done
on the proximal half of the small intestine distal to the
ligament of Treitz. Other legend details are identical to
those of Fig. 1.
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FI1G. 4. Effects of streptozotocin (SZ) on intestinal lac-
tase activity in proximal half of small intestine (A) and
acid B-galactosidase activity in the distal half of the small
intestine (B) of newborn rats sacrificed at three postnatal
ages. Other legend details are identical to those of Fig. 1.

declined at the same rate in the SZ group as
in the control pups.

Discussion. The purpose of this study was
to examine the effect of diabetes on the de-
velopment of small intestinal enzymes of in-
fant rats. The ontogenic profiles of sucrase
and maltase in SZ-induced diabetic pups
were shifted toward an earlier appearance
and precocious maturation (Fig. 3). This ef-
fect followed the same trend as that reported
for diabetic adult rats (1-4, 6). The magni-
tude of the increase in sucrase and maltase
activities of diabetic pups as compared to
control pups was twofold and thus similar to
the observations reported in adult rats (1, 2).
Elevation of circulating glucocorticoids has
previously been shown to cause precocious
increases of both sucrase and maltase activi-
ties (7). Thus, it was important to determine
whether SZ treatment caused plasma con-
centrations of corticosterone to be increased.
As no such increases were found, it is con-
cluded that the precocious maturation of
these enzymes in pups receiving SZ was not
mediated by glucocorticoids.

Somewhat to our surprise, plasma IRI
levels in diabetic pups were found to be in-
significantly lower than those of the control
pups (Fig. 2A), while the pancreatic IRI con-
tent in SZ pups was reduced by 94-96% of

that of the control pups (Fig. 2B). Although
this finding is inconsistent with what is es-
tablished in literature for adult rats, it is in
agreement with Bonner-Weir et al. (22), who
reported that in diabetic pups injected with
SZ at 2 days of age, plasma IRI levels did not
differ significantly from controls until after
the third week of life. Still, pancreatic IRI
content was markedly depleted. It appears
that an extrapancreatic source of insulin may
exist which is impervious to SZ. It has been
demonstrated that circulating insulin persists
after evisceration, suggesting that sources
other than the pancreas can supply insulin to
plasma (23). Alternatively, and despite our
use of an homologous assay system, the IRI
data presented here may represent immuno-
logically related, cross-reacting substances.
In order to explain the existing hyperglyce-
mia and hepatic glycogenolysis in face of
normal plasma insulin levels, one must con-
sider the possibility that the SZ-diabetic pups
were insulin resistant. Investigation of such a
possibility would necessitate binding studies
employing membranes prepared from the
major insulin target sites, namely liver, skele-
tal muscle, and adipose tissue. Preliminary
data with liver membranes did not indicate
that any binding differences existed between
diabetic and nondiabetic pups. Also, because
of the documented difficulty in preparing
satisfactory rat skeletal muscle preparations
(24), this experimental avenue was not pur-
sued further.

In view of the fact that circulating concen-
trations of IRI were not reduced by SZ, the
precocious increase of sucrase and maltase
activities must be due to one of the other
metabolic derangements induced by SZ. The
two most likely candidates would be plasma
glucagon and glucose. Although the former
was not measured in this study, it would cer-
tainly be expected to be elevated. However,
previous studies have shown exogenous glu-
cagon to have no effect on sucrase develop-
ment (25). Thus, we predict that the results
observed in this study are a direct result of
the elevated plasma glucose. This prediction
is consistent with the reports that high car-
bohydrate diets cause elevation of jejunal su-
crase and maltase in suckling and weanling
rats (26, 27) and that addition of sugars to the
culture medium of intestinal explants from
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suckling rats results in increased activities of
these enzymes (27).

Although jejunal sucrase and maltase ac-
tivities were precociously increased in infant
rats, such increases were not observed in je-
junal lactase activity (Fig. 4A). This is incon-
sistent with the observations reported in
adult diabetic rats in which all three intes-
tinal disaccharidase activities were elevated
to about the same extent (2). Some caution
should be exercised in the interpretation of
the SZ or alloxan diabetic data in adult rats
because other reports indicate that the nature
of the diabetic lesion may influence greatly
the results obtained. Thus, in the genetic-
obese mouse model so frequently employed
in studies of Type II diabetes, intestinal lac-
tase activity per segment increases, but when
expressed as per unit DNA or total protein,
the diabetic state appears to be without effect
(28, 29). The mechanisms for regulating this
small intestinal enzyme, therefore, may
differ according to the nature of the diabetic
lesion.

Since the normal decline of lactase and
acid pB-galactosidase activities occurs between
Day 15 and Day 21 (7, 11), the effects of
diabetes on these enzymes may have been
offset by the mechanisms which regulate
their ontogeny. A likely possibility is that
lactase and acid f-galactosidase continue to
decline in the SZ-treated pups in response to
increasing plasma thyroxine. Thyroxine
levels were not measured in the present in-
vestigation, but previous studies by others
have implicated the developmental rise of
circulating thyroxine as the primary regula-
tor of the decline of lactase and acid $-galac-
tosidase activities during the third and fourth
postnatal weeks (7, 30). In adult rats, admin-
istration of thyroxine has been shown to
counteract other treatments which would
normally result in an increased lactase activ-
ity (31). Analogous counteractions in our
system could explain the lack of effect of
diabetes on both lactase and acid 3-galactosi-
dase. Future work is encouraged to explore
this possibility.

If the elevated blood glucose indeed is the
cause of the precocious increase of sucrase
and maltase activities in the SZ-treated rat
pups, there may be an alternative explana-
tion for acid S-galactosidase being resistant

to diabetes. Although this enzyme has not
been included in the reported studies on the
effect of carbohydrates on intestinal enzymes
(26, 27), comparison between disacchari-
dases, alkaline phosphatase, and aminopep-
tidase has led to the suggestion that the car-
bohydrate effect is specific to the disacchari-
dases (27). Previous studies reported by other
workers indicate that dietary composition
markedly influences the level of intestinal a-
disaccharidases but not that of acid 8-galac-
tosidase in adult rats (32). Further studies are
necessary to confirm the hypothesis that ele-
vated disaccharidases in diabetes are the di-
rect effect of elevated blood glucose. In this
regard, the infant rat may provide a valuable
animal model because of the unique situa-
tion wherein effects on these enzymes are
observed in the absence of any change in
plasma insulin.
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