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Adaptive responses to pharmacological inhibition of
small intestinal a-glucosidases in the rat
B LEMBCKE, C LOSER, U R FOLSCH, J WOHLER,
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From the Division of Gastroenterology and Endocrinology, Department of Internal Medicine, University of
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SUMMARY Intestinal adaptation (small intestinal weight and length, weight of the caecum and
of the residual colon) to feeding different doses (0-5-50-500 mg/kg bw) of the absorbable,
competitive a-glucosidase inhibitors BAY m 1099 and BAY o 1248 for three, seven, or 28 days was
studied in rats. With the highest dose of either inhibitor, a significant and time dependent growth
of the caecum was observed. Under these conditions, caecal tissue polyamine concentrations
(spermidine and spermine) were slightly higher after three, unaffected after seven and slightly
decreased after 28 days. Comparing the trophic effect both of BAY m 1099 and BAY o 1248 with
that of the almost unabsorbed glucosidase inhibitor acarbose in fed rats showed that caecal
weight was higher in response to the absorbed compounds than in response to acarbose, while total
caecal carbohydrate content was unaffected by the absorbed and about nine fold increased by the
unabsorbed inhibitors. These findings suggest that acarbose may partially inhibit bacterial carbo-
hydrate degradation in the caecum.

The deoxynojirimycin derivatives BAY m 1099
(Miglitol; MW 207) and BAY o 1248 (MW 355) are
potent competitive inhibitors of small intestinal a-
glucosidases, preferentially of glucoamylase (EC
3.2.1.3) and sucrase (EC 3.2.1.48) activity.'2 These
drugs, which are almost completely absorbed from
the intestine,13 significantly suppress postprandial
blood glucose increments and insulin responses after
sucrose,4 starch5 and a standardised breakfast.6
Therefore, therapeutic trials with BAY m 1099 and
BAY o 1248 have been initiated in patients with
diabetes mellitus.7

First data suggested that neither of these inhibitors
would cause carbohydrate malabsorption in rats,' but
clinicopharmacological studies in healthy volunteers
clearly showed dose related, significant carbohydrate
malabsorption with either compound, both after
sucrose or starch.58

In principle, administration of ca-glucosidase in-
hibitors at different doses enables study of intestinal
adaptation in response to different degrees of carbo-
hydrate malabsorption without manipulation of
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small intestinal integrity. Using the almost non-
absorbed a-glucosidase inhibitor acarbose, trophic
effects on small intestinal and caecal growth have
been described earlier.9 In the distal gut, these effects
were more pronounced, when the diet was fibre
free.

Trophic sequelae of feeding absorbable a-gluco-
sidase inhibitors on the intestinal tract, however,
have hitherto not been studied. Therefore, adaptive
intestinal growth and corresponding tissue polyamine
concentrations as potential mediators were studied
during gradual pharmacological inhibition of a-
glucosidase activity with BAY m 1099 and BAY o
1248 in the rat.

Methods

ANIMALS

Female Wistar rats, body weight 175-210 g, were
used throughout (n = 7-10/group). Rats were fed a
fibre rich (6% w/w) standard lab chow (Altromins,
58 % carbohydrates, predominantly polysaccharides,
28 % protein, 14% fat) and water ad libitum. Before
death rats fasted overnight (> 13 hours). Once a day
(between 6 and 8 pm), either BAY m 1099 (5-50-
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Fig. 1 Weight gain in control rats and those treated with either 5, 50, or 500 mg/kg bw, ofBA Y m 1099 (upper panel) or
BA Y o 1248 (lower panel) over 28 days (means of the indicated number ofexperimental animals).

n1099

500 mg/kg bw), BAY o 1248 (5-50-500 mg/kg bw)
or placebo (saline) were administered by oropharyn-
geal tube for three, seven, or 28 days. The ED50 of
these inhibitors concerning the reduction of blood
glucose responses following a sucrose or starch load
in the rat is less than 0 5 mg/kg bw.'

PARAMETERS
Weight (small intestine, caecum, colonic residue) and
length (small intestine) were measured immediately
after death, and drainage of the removed gut. Small
intestinal mucosa was scraped off with a microscope
glass slide, weighed, and homogenised under ice cold

conditions to give a 2% homogenate. Protein was
measured according to Lowry et al,'0 DNA according
to Burton."I
Polyamine concentrations of caecal tissue were

determined by HPLC and precolumn derivatisation
with dansyl chloride.'213 1,6-diaminohexane was
used as internal standard. 1:10 (w/v) homogenates of
the caecum were prepared with 30mM sodium
phosphate buffer (pH 7T2) using an ultra-turrax
homogeniser. Subsequent steps were deproteinisation
by the addition of 3 ml 0-2 M perchloric acid to 1 ml
homogenate and dansylation by the addition of 0-3 ml
dansyl chloride (10 mg in dry acetone) at 50 °C for 12

-~~~~~~~~~~~~~~~~~~~~~~~dL
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Table 1 Length and weight of the small intestine and weight of the colon during administration of different doses ofBA Y m
1099 or BA Y o 1248 for various periods of time .

Segment Control BA Y m 1099 BA Y o 1248

Day (saline) 5 50 500 5 50 500 mg/kg/bw

Small intestine
length 3 053+001 054+002 053+002 055+002 053+001 053+001 053+003
(m/100 g bw) 7 0-52 +0 01 0 51 +0-02 0 53+±001 0 54+0-01 0 52 +0-02 0.55 +0-02 0.58 + 0.02*

28 050+001 048+001 057+0-06 055+001t 049+001 054+002 059+0-02:
weight 3 278+0 10 269+0-09 2-82+0 11 3-04+0-08 280+0-10 301+0 14 285+0-09
(g/100 g bw) 7 2-91 +007 272+011 2-62+030 3-02+0-06 309+010 3-20+0-12 339+0091

28 295+008 277+006 3-18+027 3-02+0-07 2-81 +006 3 10+020 395+023
Large intestine
weight of the 3 0-67+0 02 0-61 + 0-02 0-64+0 03 0-67 + 0-02 0-62+ 0 03 0-69+0 05 0-67 + 0-04
colon (except
the caecum)

7 0-62+002 0-67+003 066+0-02 0-62+001 060+004 0-58+0-02 069+003
(g/100 g bw) 28 072+001 0-66+001 073+0-08 075+003 066+0-02 070+003 0-85+005§
Rats (n) n = 10 n = 8 n = 8 n = 8 n = 8 n = 8 n = 8

(n = 7 in the
28 days
group)

*p 002; tp <001; tp <0002; §p <005

hours. Excess dansylchloride was removed by addi-
tion of 100 ,ul proline (100 mg/ml H20). The dansyl
derivatives were extracted by toluene. Following
evaporation of toluene, the dansylated polyamines
were dissolved in 2 ml methanol. For determination
by reversed-phase HPLC, a C-18 Bischoff column
and a Perkin-Elmer fluorescence photometer (activa-
tion at 345 nm, emission at 500 nm) were used. One
analysis required five minutes with a 68-32 vol% and
three minutes with a 93-7 vol. % acetonitrile-water
solution. The concentrations of putrescine, spermi-
dine and spermine were expressed as ug/mg DNA.

INVESTIGATIONS IN FED RATS
Additional experiments were carried out in fed rats to
evaluate the role of luminal nutrient stimulation for
caecal growth. The animals received either BAY m
1099, BAY o 1248 (500 mg/kg bw), the a-glucosidase
inhibitor acarbose (1000 mg/kg bw), which is hardly
absorbed (about 0-6 %)14 or saline along with stand-
ard chow for seven days. Immediately after death, the
small intestine was divided into three segments of
equal length, which, like the caecum, were separately
rinsed with ice cold saline. Intestinal contents were
analysed for their total carbohydrate content (meas-
ured as glucose units after total hydrolysis with
sulphuric acid (**)). For comparison, these determina-
tions were also carried out in (a) eight further, fasted
rats, and (b) eight fasted rats treated with acarbose
(1000 mg/kg bw).
** These determinations were kindly performed by Dr H Bischoff, Bayer AG,
Wuppertal, FRG.

STATISTICAL ANALYSIS
Results are expressed as means+ SEM. For statistical
analysis, the Wilcoxon's U-test was used regarding a
p < 0 05 significant.

Results

I WEIGHT GAIN
With neither a-glucosidase inhibitor and dosage (5,
50, or 500 mg/kg bw) weight gain over 28 days (Fig.
1) was different from the controls. For correction of
individual variation, however, weight of the respective
intestinal segments was expressed per 100 g body
weight.

2 SMALL INTESTINE
Moderate, but significant increments of total small
intestinal length were observed with the highest dose
(500 mg/kg) of BAY m 1099 after 28 days and BAY
o 1248 after seven and 28 days (Table 1).

Concomitantly, a pronounced and apparently time
dependent increase of small intestinal weight occurred
with BAY o 1248 (500 mg/kg bw; p < 0-002; Table
1). Total mucosal content of protein and DNA in the
proximal and distal half of the small intestine dose-
dependently reveal a notable tendency towards higher
values in the distal gut (Table 2).

3 LARGE INTESTINE
A significant, impressive and time dependent enlarge-
ment of the caecum (up to about 80%) was shown
with 500 mg/kg of either a-glucosidase-inhibitor after
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Table 2 Mucosal protein and DNA content of the proximal and distal half of the small intestine (mg/segment x 100 g bw)
during adninistration of different doses ofBA Y m 1099 or BA Y o 1248 for 28 days

Parameter Control BA Y m 1099 BA Y o 1248

Segment (saline) 5 50 500 5 50 500
(mg/kg bw) (mg/kg bw)

Protein Proximal half 76-8+4 61 67 5 + 6-3 89 5+ 9-0 83-6+5 1 81 7+771 74-3+11 5 92-9 + 10.9
Distal half 794+58 70-1+6-4 98-1+93 103-3+57* 97-2+6-4 835+11-3 103-6+9-1t

DNA Proximal half 3 81 +0-27 3 50+0 40 3-96+0-60 3-22+ 0 64 3-42+0 65 4 01 +050 5 07+ 0-67$
Distal half 522+050 518+054 515+0-65 5-74+ 0-68 494+0-72 613+0-69 661 +050§

tp<0-S; *pO0-02; tp<0-01;§0-05<p<o-lO

0-8

0-6
Caecal 0.n
weight
(g/lOOg b wt) 0*2

Caecal
weight
(g/lO0g b wt)

08
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08
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Fig. 2 Caecal weight (g/100 g bw) in control rats and
those treated with BA Y m 1099 or BA Y o 1248 for 3, 7, or
28 days. Results are means+SEM with the number of ratsl
group indicated at the bottom of the respective bars.
Asterisks indicate significant differences versus the
respective control (*p < 0-01; **p < 0 002).

three, seven, and 28 days (Fig. 2). Weight of the
residual colon was not affected, however, unless the
500 mg/kg dose of BAY o 1248 was administered for
28 days (Table 1).

4 POLYAMINES (SPERMIDINE, SPERMINE,
PUTRESCINE)
As caecal enlargement as a constant and significant

50 Spermidine
cm30- X ; X..E V

IL\\o-

3 Days 7Days 28 Days
Fig. 3 Polyamine concentrations (putrescine, spermidine
and spermine) in homogenates of the caecum of control rats
and those treated with either BA Y m 1099 or BA Y o 1248,
500 mg/kg bw, for 3, 7 and 28 days. Means+SEM;
asterisk indicates significant (p < 0 05) differences versus
the respective control.

finding was confined to the highest dosage of either
inhibitor, caecal tissue polyamine concentrations
were investigated in rats treated with 500 mg/kg bw.
BAY m 1099 and BAY o 1248 for three, seven, or 28
days (and the respective controls) only.

After three days, and in correspondence with the
trophic effect of pharmacologically induced carbo-
hydrate malabsorption on the caecum (Fig. 2),
polyamine concentrations (spermidine, spermine)
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Table 3 Protein and DNA concentration of the caecum
(homogenate) during feeding of high doses ofBA Y m 1099
and BA Y o 1248

Period Control BA Y m 1099 BA Y o 1248
(days) (500 mg/kg bw) (500 mg/kg bw)

Protein (mg/g of caecum)
3 405±48 336+16 375+37
7 405 + 32 365+40 321 + 26
28 303 + 26 460+ 44* 354+ 28

DNA (mg/g of caecum)
3 8-92+ 1-25 7-27+0-83 7 09+0 93
7 7 35+ 1-00 7-16+0-93 6-72+0-81
28 8-80+ 0-92 11-10+1-08 8-74+ 1-08

p 0*01

tended to be higher in the treated rats than in the
controls (Fig. 3).

After seven days, despite the even more pronounced
trophic effect (Fig. 2), polyamine concentrations were
identical in the controls and rats receiving either BAY
m 1099 or BAY o 1248 (Fig. 3). After 28 days,
polyamine concentrations were reduced (Fig. 3)
despite further progress of caecal growth in the
treated rats (Fig. 2).

Regarding individual polyamines, the pattern of
spermidine and spermine concentrations was closely
related, both with respect to their responses to either
a-glucosidase inhibitor and to time. With the reser-
vation that caecal tissue concentrations were minimal,
putrescine displayed a similar pattern.
As polyamine concentrations were calculated in

relation to DNA-concentrations, the DNA concen-

trations/g of caecum (together with caecal protein
concentrations) are summarised in Table 3.

5 NUTRIENT STIMULATION OF CAECAL
GROWTH
In the fed state and compared with controls, adminis-
tration of BAY m 1099 and BAY o 1248 after seven
days led to significantly higher amounts of carbo-
hydrates in all segments of the small intestine, but not
in the caecum (Table 4).
The predominantly unabsorbed a-glucosidase in-

hibitor acarbose increased the luminal carbohydrate
residue in the mid and distal small intestine and, at
variance, induced a more than nine-fold rise of
carbohydrates in the caecal content (p < 0 01).

Neither with BAY m 1099 nor with BAY o 1248
was the carbohydrate content of the caecum in fed
rats higher than in the fasted state (Table 4). In fasted
rats, acarbose did not induce significant increases in
the carbohydrate content of the three small intestinal
segments, but evoked accumulation of carbohydrate-
residues in the caecum (p < 0.002) at a quantity
resembling that in the fed state (Table 4). Regarding
intestinal adaptation in the fed rat, however, BAY m
1099 and especially BAY o 1248 had more pro-
nounced effects on small intestinal length and weight
or caecal growth (Table 4) than did the 'non-
absorbed' a-glucosidase inhibitor acarbose.

Discussion

In conventional rats, the luminal presence of incom-
pletely absorbed or digested substrates is a well
known stimulus causing caecal enlargement.1516

Table 4 Total glucose content of different intestinal segments during administration of the absorbable o-glucosidase inhibitors
BA Ym 1099 and BA Y o 1248 (500 mg/kg bw) or the non-absorbed inhibitor acarbose (1000 mg/kg bw) for 7 days (fed
andfasted rats).

Fed rats unmol glucose/segment Trophic effect

Small intestine Small intestinal
Caecal

n Prox Mid Dist Caecum Length Weight weight
(m/100 gbw) (g/100 gbw) (g/100 gbw)

Control 8 51-3±9-7 37-7+6-2 90-1 + 14-2 201-1+84-2 045+001 2-64+0-10 049+003
BAY m 1099 8 86 2+ 15 6 141-8 + 42.3* 307-6+ 93-6t 309-6+ 69-3 0.50+ 0-01* 3-02 + 0.06* 0-72+ 0-03$
500 mg/kg bw
BAY o 1248 8 128-7+ 23-2* 162-7+40-1t 379-2 + 100 5t 244-3 + 64-7 0-50+0-01§ 3-30+ 0-16$ 0-76+ 0-02t
500 mg/kg bw

Acarbose 8 92 5 + 24-4 260 3 + 76-0* 523-1 ± 114-3t 1882-4 + 442-4* 0-49+ 0-01§ 2-92+0 15 0-61 + 0 04§
1000 mg/kg bw

Fasted rats
Control 8 0-5 + 0-2 1-6 + 07 10-6 + 7-6 267 3 + 136-7 0-48 + 0-01 2-42 + 0-08 0 43 + 0-01
Acarbose 8 3-4+ 1*8 7-0 +4-2 36-9+ 20-7 1623-2 ± 2000 0-52± 0-01 3-09+0-12$ 0 55+ 0-02$
1000 mg/kg bw

*p < 001; tp < 002; $p < 0002; §p < 005
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Once having traversed the caecal valve, malabsorbed
carbohydrates are subject to bacterial fermenta-
tion,7 18 thereby causing distension, which is likely to
be the triggering factor for caecal enlargement.19 In
compensated carbohydrate malabsorption - that is,
without reduction of weight gain growth of the
caecum and of the small bowel may reflect adaptive
mechanisms for compensation, such as caecal fermen-
tation and enlargement of the digestive-absorptive
capacity (area).

In the rat, caecal growth is by far the more
impressive trophic effect (Table 1; Fig. 1), thereby
indicating that colonic (caecal) salvage17 is the major
form of adaptation to carbohydrate malabsorption in
our study.

Evaluating total small intestinal and caecal carbo-
hydrate content in fed rats (Table 4) was a useful
approach to further differentiate and substantiate this
impression.

While the absorbed a-glucosidase inhibitors did
not cause accumulation of carbohydrate residues in
the caecum, the almost unabsorbed a-glucosidase
inhibitor acarbose evoked an impressive increase of
caecal carbohydrates. Interestingly, this amount of
carbohydrates was only slightly higher in fed rats
compared with those investigated after an overnight
(> 13 hours) fast. These results are entirely com-
patible with the contention that acarbose - in contrast
to the absorbed a-glucosidase inhibitors - may par-
tially diminish the bacterial degradation of mal-
absorbed carbohydrates in the caecum, which, finally,
culminates in a less impressive effect on caecal
enlargement (Table 4). If the inhibitor is absorbed
during its passage through the small intestine, rapid
bacterial fermentation in the caecum will lead to
complete degradation of malabsorbed carbohydrates,
resulting in the production of absorbable short chain
fatty acids'820 and a low caecal carbohydrate content
(Table 4). Caecal enlargement did not, however, show
a stable relation to known mediators of trophic effects
like the polyamines (Fig. 3).

In postresectional adaptation (50% jejunal resec-
tion) it was shown2' that mucosal putrescine, spermi-
dine and spermine concentrations return to normal
within seven days after an early stage with increased
polyamine concentrations. Our data are consistent
with these results as far as polyamine synthesis after
three and seven days is concerned. After 28 days,
polyamines appeared to decrease significantly in
response to BAY m 1099, although caecal weight was
further increased. However, this finding might also be
attributed to higher DNA-concentrations in this
group of rats (Table 3).
No data are available on polyamine concentrations

later than two weeks after the onset of intestinal
growth.

In our study, despite progressive caecal enlarge-
ment from three to 28 days (Fig. 2), reflecting a
permanent trophic stimulation of the caecum, only a
poor and transient (< 7 days) rise of polyamine
concentrations was detected. These findings might
suggest that malabsorption of carbohydrates alone is
a weak stimulus for initiation of polyamine synthesis,
or that caecal growth in response to carbohydrate
malabsorption is rather unrelated to tissue polyamine
concentrations.
The mechanisms for this non-coherence of poly-

amines and trophic growth are unresolved. In prin-
ciple, intracellular interference of absorbable 1-
deoxynojirimycin-derivatives with the polyamine
pathway22 - for example, decreased activity of 'high-
mannose' glycosylated precursors of regulatory en-
zymes such as ornithine decarboxylase - in analogy to
other enzymes23 - might be a potential mechanism,
since 1-deoxynojirimycin and its N-methyl-derivative
are known to inhibit oligosaccharide processing in
intestinal epithelial cells24 and 500 mg of either
inhibitor/kg bw, is a pharmacotoxicological dose
exceeding the proposed ED50 1000-fold.' No direct
evidence thus far, however, substantiates this specu-
lation.
The inability to prove adaptive growth with 5 and

50 mg/kg bw of BAY m 1099 or BAY o 1248, in part
might be attributed to feeding standard chow instead
of a fibre free or carbohydrate enriched diet.925 In
view of the potency of these inhibitors2 however, and
the high doses administered (10 and 100 x ED50), the
lack of trophic effects was an unexpected finding. As
a consequence, we cannot comment on the potential
relevance of small and large intestinal adaptation in
the clinicopharmacological situation.

In conclusion, feeding of even suprapharmaco-
logical dosages of the absorbable a-glucosidase
inhibitors BAY m 1099 and BAY o 1248 does not
affect weight gain of rats over 28 days. It was shown
that small intestinal growth hardly contributes to the
underlying compensatory mechanisms, but caecal
enlargement, reflecting fermentation, was of con-
siderable significance. Limited evidence exists, that
acarbose, at variance with the absorbable a-gluco-
sidase inhibitors, interferes with caecal fermentation,
thereby allowing accumulation of substrate in the
caecal sac (which, in the case of carbohydrate
malabsorption, is rather likely to emphasise osmotic
diarrhoea, but will mitigate the formation of intestinal
gas). In the rat, these differences between absorbed
and unabsorbed ac-glucosidase inhibitors resulted in
different trophic effects on the caecum, thereby
indicating that caecal fermentation plays a significant
role as a trophic factor.
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