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Acarbose (Glucobay®; Bayer) is an a-glucosidase inhibitor used to treat diabetes and which may have a role in the prevention of type 2
diabetes. The present study investigated the effects of acarbose treatment on the site and extent of starch digestion, large-bowel fermenta-
tion and intestinal mucosal cell proliferation. Eighteen young male Wistar rats were fed ‘Westernised” diets containing 0, 250 and 500 mg
acarbose/kg (six rats/diet) for 21 d. For most variables measured, both acarbose doses had similar effects. Acarbose treatment suppressed
starch digestion in the small bowel but there was compensatory salvage by bacterial fermentation in the large bowel. This was
accompanied by a substantial hypertrophy of small- and large-bowel tissue and a consistent increase in crypt width along the intestine.
Caecal total SCFA pool size was increased more than 4-fold, with even bigger increases for butyrate. These changes in butyrate were
reflected in increased molar proportions of butyrate in blood from both the portal vein and heart. There was little effect of acarbose admin-
istration on crypt-cell proliferation (significant increase for mid-small intestine only). This is strong evidence against the hypothesis that
increased fermentation and increased supply of butyrate enhances intestinal mucosal cell proliferation. In conclusion, apart from the
increased faecal loss of starch, there was no evidence of adverse effects of acarbose on the aspects of large-bowel function investigated.

Acarbose: Starch digestion: Butyrate: Crypt width: Cell proliferation

With the inexorable rise in obesity worldwide, the inci-
dence of non-insulin-dependent diabetes mellitus (type 2
diabetes) is expected to double over the next decade.
Given the toll of morbidity and mortality associated with
type 2 diabetes and the high costs of treatment, the preven-
tion of this epidemic is a high public health priority.
Acarbose is a pseudo-tetrasaccharide composed of a cycli-
tol unit bound to 4,6-dideoxy-4-amino-D glucopyranose,
derived from the genus Actinoplanes, which is an effective
a-glucosidase inhibitor suppressing the digestion of starch
and sucrose in the small bowel (Bischoff, 1994). There is
evidence that acarbose is not only an effective treatment
for type 2 diabetes (Dimitriadis et al. 1985; Coniff et al.
1994; Holman et al. 1999) but also may help to prevent
its development by improving insulin sensitivity (Laube
et al. 1998) in those with impaired glucose tolerance.
A very recent randomised, placebo-controlled trial has
demonstrated the effectiveness of acarbose in preventing
or delaying the development of type 2 diabetes in those
with impaired glucose tolerance (Chiasson et al. 1998).
Whilst acarbose is a relatively safe drug and, therefore, is
potentially suitable for use in chemoprevention, it may be

contraindicated in Crohn’s disease (Kast, 2002). The most
frequent side effects of acarbose treatment are flatulence
and diarrhoea (Chiasson et al. 2002), probably due to the
flow of extra starch and sucrose to, and their fermentation
in, the large bowel (LB). The diarrhoeal side effects are
believed to result from the up regulation of the production
of the prostaglandin E series because of an increased pro-
duction of butyrate by the LB flora (Kast, 2002). It is well
established that an increased fermentation of starch in the
LB leads to an increased production of SCFA with a
higher proportion of butyrate (Englyst et al. 1987; Goodlad
& Mathers, 1988; Mathers et al. 1997). Such stimulation of
LB fermentation has been accompanied by increased LB
mucosal cell proliferation (Goodlad et al. 1987). Because
increased cell division is an early event in the development
of many human cancers (Preston-Martin et al. 1990), and
there is evidence that enhanced cell proliferation in the LB
mucosa is associated with greater colorectal cancer risk
(Terpstra et al. 1987), there is an hypothetical possibility
that dietary manoeuvres or drug treatments which enhance
butyrate production and cell proliferation could carry an
enhanced risk of colorectal cancer.

Abbreviations: CCP, crypt-cell proliferation; LB, large bowel; SI, small intestine.
* Corresponding author: Professor John Mathers, fax +44 191 222 8684, email john.mathers@ncl.ac.uk
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The objectives of the present study were to determine
the effects of acarbose on the site and extent of starch
digestion, LB fermentation and mucosal crypt-cell prolifer-
ation (CCP) in rats. The animals were fed high-starch diets
rich in fat and animal protein to simulate aspects of human
‘Western’ diets. A brief account of part of the present study
has been published (Kooshkghazi & Mathers, 1998).

Materials and methods
Animals, diets and feeding

The present study was carried out under licence in compli-
ance with the Animals (Scientific Procedures) Act 1986 in
the UK. Eighteen male Wistar rats (initial weight approxi-
mately 90 g) were housed individually in metabolism cages
which allowed the complete separation of urine and faeces.
Room temperature was maintained at 20-23°C with a 12h
light—12h dark lighting regimen within the Comparative
Biology Centre, University of Newcastle upon Tyne.
Six rats were allocated at random to each of three experi-
mental groups receiving a basal high-fat, semi-purified diet
(Table 1) which differed only in acarbose content; 0, 250
and 500mg acarbose/kg respectively (provided as
Glucobay®; Bayer AG, 51368 Leverkusen, Germany).
The diets contained chromic oxide (2 g/kg diet) as an indi-
gestible marker to allow the quantification of starch diges-
tion in the small bowel and LB. Each animal was offered
15 g diet/d for a 14 d adaptation period preceding a 7 d bal-
ance period during which food residues, faeces and urine
were collected quantitatively.

Sample collection

At 2h before being killed, each rat was injected intraperi-
toneally with vinicristine sulfate (1 mg/kg body mass) to
arrest cells in metaphase for the estimation of CCP.
At 10min before tissue collection, terminal anaesthesia
was induced by intraperitoneal injection (Hypnorm—Mida-
zolam cocktail at 1 ml/300g body mass). Blood samples
from the portal vein (1 ml) and heart (2 ml) were collected
into heparinised syringes and placed on ice. The gut (from
stomach to rectum) and liver were removed and weighed
and small intestine (SI) and colon lengths were measured.
Caecal pH was recorded and digesta samples were col-
lected from the terminal ileum (Goodlad & Mathers,

Table 1. Composition of the basal experimental diet

Ingredient Content (g/kg diet)
Maize starch* 595
Maize oil 50
Lard 100
Caseint 200
Mineral premixt 40
Vitamin premix§ 10
D, L-Methionine|| 3
Chromic oxide 2

*Product no. S4126, Sigma Chemicals, Poole, UK.

1 Product no. C7078, Sigma Chemicals, Poole, UK.

1 Product no. 905455, ICN Biochemicals, Aurora, OH, USA.
§ Product no. 960098, ICN Biochemicals, Aurora, OH, USA.
|| Product no. M95000, Sigma Chemicals, Poole, UK.

1990), caecum and colon for DM, organic matter, starch
and chromic oxide determinations. Two samples of
caecal digesta (each approximately 0-5g) were mixed
with deproteinising solution (Mathers et al. 1990) at
0-5ml/g digesta in preparation for SCFA measurements.
For CCP determinations, approximately 10 mm lengths of
intestine from 10, 50 and 90 % of the lengths of the SI
and colon and a 10mm square from the body of the
caecum were excised. These samples were washed with
saline and fixed in Carnoy’s solution (ethanol-acetic
acid—chloroform, 6:1:3, by vol.) for 2—6h and then trans-
ferred to 70 % ethanol for storage.

Sample processing and analysis

Faeces were freeze-dried, sieved gently to remove any
spilled food particles and milled using a coffee grinder.
Organic matter in food and faeces was determined by
ashing (450°C overnight) the previously dried samples.
Chromic oxide concentrations in food, freeze-dried digesta
and faeces were measured as described by Goodlad &
Mathers (1990). N in food, faeces and urine was determined
by a micro-Kjeldahl method and SCFA in caecal contacts
were determined by packed column GLC (Mathers et al.
1990). For SCFA in blood determinations, plasma samples
were deproteinised by treatment with metaphosphoric acid
solution (16 %, w/v) and by heating to 60°C before the sep-
aration and quantification of SCFA by capillary column
GLC (F. Brighenti, individual communication). The starch
contents of the diets, digesta and faeces were determined
by acid hydrolysis (Englyst & Cummings, 1988) followed
by determination of the released glucose using an enzymic
colorimetric assay kit (Glucose GDH; Hoffmann-La Roche
& Co., Basel, Switzerland) on a Cobas Mira automatic
clinical analyser (Hoffmann-La Roche & Co., Basel,
Switzerland). Metaphase-arrested cells in whole micro-
dissected crypts were determined according to Goodlad &
Wright (1982) and crypt lengths and widths measured
using a graticule in the microscope eyepiece.

Calculations and statistical analyses

Flows of DM and starch through the intestine were calcu-
lated with reference to the indigestible marker chromic
oxide (Goodlad & Mathers, 1990):

DM flow rate (g/d) = (chromic oxide intake (mg/d))/
(chromic oxide in digesta DM (mg/g DM));

Starch flow rate (g/d) = (DM flow rate (g/d)) X
(starch concentration in digesta DM (g/g)).

Data were examined by ANOVA with the following a
priori orthogonal contrasts: (i) basal diet v. acarbose-con-
taining diets, and (ii)) 250 v. 500 mg acarbose/kg diet,
each tested against the between-animals within-diets error
term with fifteen degrees of freedom. For almost all
the variables investigated, there was no difference in
response between 250 and 500 mg acarbose/kg diet.
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Results
Food intake and growth

All animals remained healthy throughout the study. Those
treated with acarbose ate significantly more food but
gained about 30g less weight than the control rats
(Table 2). This reduced growth rate was associated with
an almost 18-fold higher faecal DM output. Urine
volume was unaffected by treatment (average 4-4 ml/d)
but both urinary and faecal N outputs were higher in the
acarbose-fed animals resulting in significantly (P<<0-001)
lower N retention (Table 3). It is noteworthy that the
water content of the faeces from the acarbose-treated rats
was approximately one-third greater than for those fed
the basal diet.

Site and extent of starch digestion

Only 0-03 of the ingested starch appeared in the ileal efflu-
ent from the animals fed the basal diet whilst 0-76—1-08
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flowed through the terminal ileum of the rats treated with
acarbose (Table 4). During passage through the LB, 0-36
and 0-15 of the ileal-delivered starch disappeared with
the 250 and 500mg acarbose/kg diets respectively.
Whole-gut starch digestibility was virtually 100 % for the
basal diet but only approximately 30 % for the acarbose-
treated animals. In addition to the extra starch, acarbose
treatment increased the faecal output of non-starch DM
approximately 3-fold (Table 4), some of which was in
the form of N-containing compounds (Table 3).

Gastrointestinal compartments and liver

Acarbose treatment increased the masses of all gastrointes-
tinal compartments with no significant (P> 0-05) difference
between the 250 and 500mg acarbose/kg diet doses
(Table 5). For the stomach, all of the increase was
accounted for by the increased digesta content, which aver-
aged 4-fold more in the drug-treated rats. For the SI,
caecum and colon, the increases in organ masses included

Table 2. Effects of acarbose (ACA) on food intake, growth and output of faeces and urine*
(Mean values with pooled standard errors of the mean for six rats per treatment)

ACA (mg/kg diet)

Probability of effect

0 250 500 SEM Basal v. ACA 250 v. 500mg ACA
Food DM intake (g/d)t 12.5 13-8 139 0-25 <0-001 0-8
Initial body mass (g) 91 93 89 1.4 0-13 0-3
Final body mass (g) 227 196 197 5.5 <0-001 0-9
Body-mass gain (g/d) 6-6 5.0 5.0 0-3 <0-001 0-9
Faecal DM output (g/d)t 04 6-3 6-1 0-24 <0-001 07
Faecal water (g/kg)t 299 395 391 15 <0-001 0-8
Urine (ml/d)t 4.3 41 4.7 0-27 0-63 0-1

*For details of diets and procedures, see Table 1 and p. 358.

T Measured over 7 d balance period.

Table 3. Whole-body nitrogen balance in rats treated with acarbose (ACA) at two doses*
(Mean values with pooled standard errors of the mean for six rats per treatment)

ACA (mg/kg diet)

Probability of effect

0 250 500 SEM Basal v. ACA 250 v. 500mg ACA
N intake (g/7 d) 247 2-70 2.75 0-04 <0-001 0-46
Urinary N output (g/7 d) 1.20 1.66 1.84 0-09 <0-001 0-19
Faecal N output (g/7 d) 0-11 0-34 0-35 0-02 <0-001 0-70
N retention (g/7 d) 1-16 0-70 0-56 0-08 <0-001 0-27

*For details of diets and procedures, see Table 1 and p. 358.

Table 4. Starch intake, flows through the gut and digestibility in rats treated with acarbose (ACA) at two doses*
(Mean values with pooled standard errors of the mean for six rats per treatment)

ACA (mg/kg diet)

Probability of effect

0 250 500 SEM Basal v. ACA 250 v. 500mg ACA
Intake (g/d) 6-22 7-02 7-36 0-3 <0-001 0-42
lleal starch flow (g/d) 0-20 7-60 5-60 0-6 <0-001 <0-001
Faecal starch output (g/d) 0-02 4.83 4.77 0-2 <0-001 0-8
Starch digestibility (g/g) 1.00 0-29 0-32 0-03 <0-001 0-7
Non-starch DM output in faeces (g/d) 0-33 1.47 1.36 0-1 <0-001 0-7

*For details of diets and procedures, see Table 1 and p. 358.
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Table 5. Tissue and digesta masses in each compartment of the intestine and liver mass in rats treated with acarbose

(ACA) at two doses*

(Mean values with pooled standard errors of the mean for six rats per treatment)

ACA (mg/kg diet) Probability of effect
0 250 500 SEM Basal v. ACA 250 v. 500mg ACA
Stomach
Total mass (g) 4.23 10-64 132 1.2 <0-001 0-2
Tissue (g) 1.59 1.28 1-49 0-1 0-15 0-2
Wet digesta (g) 2-64 9-36 11.7 1.2 <0-001 0-2
Digesta DM (g) 0-95 4.42 6-16 0-8 <0-001 0-1
Small intestine
Length (mm) 735 908 878 25 <0-001 0-4
Total mass (g) 5.37 9.75 10-0 0-5 <0-001 0-6
Tissue (g) 5-17 8-54 8-77 0-4 <0-001 0-7
Wet digesta (g) 0-20 1.21 1.23 0-1 <0-001 0-9
Digesta DM (g) 0-04 0-68 0-62 0-3 0-05 0-2
Caecum
Total mass (g) 1.90 132 133 0-3 <0-001 0.7
Tissue (g) 0-50 2-80 2.70 0.2 <0-001 0-98
Wet digesta (g) 1-40 104 10-6 0-3 <0-001 0-8
Digesta DM (g) 0-09 3-40 3-34 0-2 <0-001 0-9
Colon
Length (mm) 138 193 205 6-0 <0-001 0-2
Total mass (g) 1.36 5.82 7-07 0-6 <0-001 0-1
Tissue (g) 1.02 2.70 3.03 0-2 <0-001 0-2
Wet digesta (g) 0-34 312 4.04 0-5 <0-001 0-2
Digesta DM (g) 0-11 1-43 1-95 0-2 <0-001 0-1
Liver
Mass (g) 101 7-03 7-30 0-4 <0-001 0-6
Relative mass (g/kg body mass) 44.5 35 37 1.0 <0-001 0-4

* For details of diets and procedures, see Table 1 and p. 358.

significant increases in both tissue and digesta. The small-
est increases were for the SI where length was increased by
21 %, tissue mass by 67 % and digesta mass by 510 %.
Colon length, tissue mass and digesta mass increased by
44, 281 and 1053 % respectively in the acarbose-treated
animals. A 5-fold increase in caecal tissue mass
accompanied a 7-5-fold increase in digesta mass in the
rats given acarbose in the diet. The increase in digesta
wet masses were not due simply to extra water retention
within the gut since the DM content of digesta in the acar-
bose-treated rats was consistently higher than for the con-
trol animals (Table 5).

In contrast to the gut, liver mass was about 30 % lower
in the animals exposed to acarbose (Table 5), which was
a comparatively greater decrease than that observed for
whole-body mass (13-5% lower in the acarbose-treated
animals; Table 2) so that relative liver mass (g/kg body
mass) was significantly (P<<0-001) reduced by the drug
treatment.

Caecal fermentation

Caecal pH was reduced significantly (P<<0-001) in the
acarbose-treated animals and was lower (P=0-03) in those
treated with 250 compared with 500 mg acarbose/kg diet
(Table 6). The only significant change in SCFA concen-
tration was for acetate where values were about two-thirds
of those seen in the control animals. However, the molar
proportion of butyrate was almost doubled by the acarbose
treatment (P<<0-01). Given the large increase in caecal
digesta mass in the acarbose-fed rats (Table 5), there

were large increases in caecal SCFA pool sizes ranging
from 5-1-fold for acetate and propionate to 10-4-fold for
butyrate (Table 6).

Short-chain fatty acids in portal and cardiac blood

Acetate was the predominant SCFA in both portal and
cardiac blood but propionate and butyrate were also pre-
sent in measurable concentrations (Table 7). There was
no effect of treatment on portal acetate concentration but
acarbose feeding increased portal propionate and butyrate
by 2:9- and 6-1-fold respectively, so that the molar pro-
portion of acetate decreased whilst those for propionate
and butyrate increased significantly.

Total SCFA concentration in cardiac blood was about
one half of that seen in portal blood, with the proportional
decrease being much greater for propionate and butyrate
(Table 7). Despite the relatively small concentrations,
significantly (P<<0-05) greater concentrations of propionate
and butyrate were evident in cardiac blood in the acarbose-
treated animals.

Intestinal mucosal crypt dimensions

Samples were collected from three sites in the SI (10, 50 and
90 % of the length), from the caecum and from three sites in
the colon (10, 50 and 90 % of the length) and the lengths and
widths of whole microdissected crypts were measured. At all
sites, there was a significant increase in crypt width in
the acarbose-treated rats which ranged from 13 % in the
proximal SI to 33 % in the mid section of the SI (responses
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Table 6. Caecal digesta pH and concentrations, molar preparations and pool sizes of short-chain
fatty acids in the caecum of rats treated with acarbose (ACA) at two doses*

(Mean values with pooled standard errors of the mean for six rats per treatment)

ACA (mg/kg diet) Probability of effect
0 250 500 SEM Basal v. ACA 250 v. 500mg ACA
pH 7-3 6-2 6-6 0-10 <0-001 0-03
SCFA concentrations (mol/g caecal contents)
Acetate 63 44.4 401 1-6 <0-01 0-6
Propionate 25 18-8 194 2-7 0-09 09
Isobutyrate 2.0 41 3-3 1.7 0-4 0-9
Butyrate 6-9 12.7 87 58 0-07 0-1
Isovalerate 19 2.0 4.0 1.3 0-5 0-2
Valerate 1.9 1.7 4.0 1.4 0-6 0-3
Total 95.2 79-1 79-6 12-8 0-04 0-5
SCFA molar proportions (mmol/mol)t
Acetate 655 611 578 33 0-2 0-5
Propionate 269 231 287 23 0-7 0-1
Butyrate 75 159 134 21 <0-01 0-4
SCFA pool sizes (nmol/rat)t
Acetate 83 397 360 45 <0-01 0-6
Propionate 33 168 170 27 <0-01 1.0
Butyrate 9 112 76 16 <0-01 0-1
Total 125 677 606 87 <0-01 0-5

* For details of diets and procedures, see Table 1 and p. 358.

1 For major SCFA (acetate, propionate and butyrate) only.

at other sites were intermediate) (Table 8). The effect of
acarbose on crypt length was much less consistent with sig-
nificant changes (33 % increases) detected at the 50 % SI and
90 % colon sites only.

Intestinal crypt-cell proliferation

For all treatment groups, the highest rates of CCP were
observed in the proximal SI with decreases to the caecum
and in the colon (Table 9). Acarbose-treatment increased

CCP by 50 % in the mid SI but was without detectable
effects at other intestinal sites.

Discussion

The therapeutic effects of acarbose in the treatment of both
insulin-dependent (type 1) and non-insulin-dependent
(type 2) diabetes have been attributed to its action in slowing
the SI digestion of carbohydrates by the competitive inhi-
bition of brush-border o-glucosidases (Bischoff, 1994),

Table 7. Concentrations and molar proportions of short-chain fatty acids in portal and cardiac
blood from rats treated with acarbose (ACA) at two doses*

(Mean values with pooled standard errors of the mean for six rats per treatment)

ACA (mg/kg diet)

Probability of effect

0 250 500 SEM Basal v. ACA 250 v. 500mg ACA
Portal blood
SCFA concentrations (um)
Acetate 1443 1449 1305 126 07 0-5
Propionate 119 276 422 44 0-03 0-1
Butyrate 16 112 83 14 <0-01 0-2
Total 1577 1837 1810 113 0-2 0-2
SCFA molar proportions (mmol/mol)
Acetate 915 788 720 50 0-03 0-3
Propionate 75 150 233 38 0-04 0-1
Butyrate 10 60 46 17 0-05 0-6
Cardiac blood
SCFA concentrations (M)
Acetate 689 949 735 111 0-3 0-2
Propionate 14 30 20 4.4 0-05 0-1
Butyrate 4 8 6 1 0-02 0-1
Total 707 987 761 145 0-2 0-8
SCFA molar proportions (mmol/mol)
Acetate 975 961 965 7 0-1 0.7
Propionate 20 30 26 6 0-2 0-8
Butyrate 6 8 8 1 0-04 0-5

* For details of diets and procedures, see Table 1 and p. 358.
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Table 8. Lengths and widths (um) of intestinal mucosal crypts in rats treated with acarbose

(ACA) at two doses*

(Mean values with pooled standard errors of the mean for six rats per treatment)

ACA (mg/kg diet)

Probability of effect

0 250 500 SEM Basal v. ACA 250 v. 500mg ACA
Small intestine
10 % sitet
Length 129 137 138 5.3 0-2 0.9
Width 34.2 37-2 39-8 1.4 0-02 0-2
50 % site
Length 101 142 125 4.3 <0-001 0-02
Width 29-3 39-8 38-0 1.2 <0-001 0-3
90 % site
Length 119 126 120 2-8 0-3 0-2
Width 291 354 380 1.3 <0-001 0-2
Caecum
Length 122 124 121 32 09 0-5
Width 39-3 467 48-5 1.2 <0-001 0-3
Colon
10 % sitet
Length 107 112 121 13 0-6 0-6
Width 291 35-1 37 1.3 <0-001 0-4
50 % site
Length 204 212 225 13 0-4 0-5
Width 311 35.9 36-2 11 <0-001 0-8
90 % site
Length 179 235 241 15 <0-001 0-8
Width 32.6 431 421 1.5 <0-001 0-7

* For details of diets and procedures, see Table 1 and p. 358.
1 Samples taken from 10, 50 and 90 % of lengths of small intestine and colon.

leading to lower postprandial glucose and insulin responses
(Couet et al. 1989). The present study’s main aims were to
investigate the effect of moderate—high doses of acarbose
on LB fermentation and on intestinal mucosal cell prolifer-
ation, which are often altered when extra carbohydrate
is supplied to the caecum (Calvert et al. 1989; Mathers
et al. 1990; Key et al. 1996; Mathers et al. 1997).
The doses of acarbose used in the present study provided
375 and 7-5mg/15 g food which, on a body-weight basis,
are equivalent to approximately 1000-1350mg/d for
human adults. For most of the variables measured, both
doses of acarbose produced similar effects.

As anticipated, acarbose treatment suppressed starch
digestion in the SI and, although there was some salvage
of this energy through fermentation in the LB, about 70 %

of the starch eaten was lost in the faeces. The increased
faecal DM output (also seen in human subjects fed starches
resistant to pancreatic o-amylase, i.e. resistant starch;
Cummings et al. 1996) could be helpful in the prevention
or treatment of constipation. Unsurprisingly, although
eating 10 % more DM/d, weight gains by the rats treated
with acarbose were 25 % less than those on the control treat-
ment. The modest weight reduction seen in type 2 diabetics
treated with acarbose (Dimitriadis ef al. 1985; Hauner, 1999)
is probably due to the suppression of SI carbohydrate diges-
tion and, thus, the reduced absorption of energy-yielding
nutrients.

Although treatment with acarbose had no effect on
stomach tissue mass, it resulted in 1-7-, 5-5- and 2-8-fold
increases in the masses of SI, caecal and colonic tissues

Table 9. Crypt-cell proliferation (metaphase-arrested cells/crypt per 2h) in the intestinal
mucosa of rats treated with acarbose (ACA) at two doses*

(Mean values with pooled standard errors of the mean for six rats per treatment)

ACA (mg/kg diet) Probability of effect
0 250 500 SEM Basal v. ACA 250 v. 500mg ACA

Small intestine

10 % site 205 26-4 211 30 0-4 0-2

50 % site 15-6 26-5 20-3 29 0-04 0-2

90 % site 16-7 194 16-1 23 0.7 0-3
Caecum 7-3 111 9.2 1.3 0-1 0-3
Colon

10 % site 3.7 1.8 1.3 0-8 0-4 0-3

50 % site 5-6 7-5 5-3 0-9 0-5 0-1

90 % site 4.8 8-2 7-5 1.5 0-1 0-8

*For details of diets and procedures, see Table 1 and p. 358.
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respectively (Table 5). In support of this, we have reported
(Mathers et al. 1997) that the inclusion of raw potato
starch (largely undigested in the small bowel and so rich
in resistant starch) in diets for rats also increased caecal
and colonic tissue masses but was without effect on stomach
tissue mass. This intestinal hypertrophy is probably an adap-
tive response to maximise the capacity of the gut to capture
the energy in the food carbohydrates. There were significant
increases in mucosal crypt width throughout the intestine,
but increases in crypt length in the mid SI and distal colon
only (Table 8). The latter is of interest since Weaver et al.
(2000) found a greater number of cells per rectal crypt
section in human volunteers treated with acarbose. It is prob-
able that the growth of the SI will be accompanied by
increased activities of brush-border hydrolases in the ileal
mucosa as has been seen when breakfast cereals were sup-
plemented with guar gum (Mathers et al. 1992) and when
cooked beans (Phaseolus vulgaris; rich in slowly digested
starch) were added to a white-bread-based diet (Key et al.
1996). However, when averaged across both acarbose-
containing diets, the major site for salvage of carbohydrate
energy in the acarbose-treated rats was the LB and hypertro-
phy of both the caecum and the colon facilitates the accumu-
lation of undigested food materials for a sufficiently long
time to allow extensive fermentation by the LB bacteria.
No attempt was made in the present study to assess transit
time through the gut but in an earlier experiment, where
increased starch flow to the caecum was achieved by feeding
raw potato starch, LB transit time was more than doubled
with all of this effect occurring in the caecum (Mathers
et al. 1997). It is clear that although acarbose treatment sup-
pressed SI starch digestion, bacterial amylases were able to
overcome partially the inhibitory effects of this drug so that
about 30 % of the ingested starch was fermented in the LB
(Table 4). Weaver et al. (1997) observed that, although the
proportion of starch-fermenting bacteria in human faeces
increased significantly (P=0-025) in human subjects
taking 600 mg acarbose/d, the faecal output of starch quad-
rupled, reinforcing the conclusion that LB salvage does
not compensate completely for the suppression of SI
starch digestion.

Following the pioneering studies of Scheppach et al.
(1988), it is now well established that acarbose treatment
leads to greater faecal outputs of SCFA, particularly of
butyrate (Holt et al. 1996; Weaver et al. 1997, 2000).
This probably results from greater flows of starch into
the LB (Cummings et al. 1996) since there is substantial
evidence from both in vitro (Englyst et al. 1987
Goodlad & Mathers, 1988; Weaver et al. 1992; Mathers
& Goodlad, 1999) and in vivo studies (Mallett et al.
1988; Mathers & Dawson, 1991; Mathers et al. 1997)
that starch fermentation yields much higher molar pro-
portions of butyrate than do most other food carbohydrates.
However, it remains unclear why starch fermentation
results in such high butyrate yields. In conditions of carbo-
hydrate excess when the availability of reduced dinucleo-
tides could limit glycolysis, LB bacteria may synthesise
more butyrate as a means of disposing of H to allow the
regeneration of reduced dinucleotides (Macfarlane, 1991;
Mathers & Dawson, 1991). In vitro fermentation of
['*Clglucose with faecal suspensions from subjects treated

with acarbose resulted in a greater production of butyrate
(Wolin et al. 1999). NMR analysis of fermentation endpro-
ducts from the same incubations indicated that exposure to
the drug reduced the production of acetate via the Wood—
Ljungdahl pathway of coupled oxidation of carbohydrates
to acetate and CO, and the reduction of CO, to acetate
(Wolin et al. 1999). It is probable that changes in H dispo-
sal are key to understanding alterations in fermentation pat-
terns following acarbose treatment but, to our knowledge,
no attempt has been made, as yet, to undertake the required
H balance studies.

Since most SCFA produced in the LB are absorbed
(McNeil et al. 1978; Ruppin et al. 1980), enhanced pool
sizes of SCFA in the caecum were reflected in greater con-
centrations of propionate and butyrate but, perhaps surpris-
ingly, not acetate in portal blood (Table 6). Butyrate is
readily oxidised by colonocytes (Roediger, 1982; Ardawi
& Newsholme, 1985) and is reported to be a preferred
energy substrate for the colonic mucosa (Roediger, 1980).
However, it is clear that raising the molar proportion of buty-
rate in caecal contents by dietary (Goodlad & Mathers, 1990;
Key & Mathers, 1993) or drug treatment (Table 6) is effec-
tive in enhancing the butyrate supply to the liver. Demigné
et al. (1986) suggested that the rat liver removes virtually
all the afferent supply of propionate and butyrate but the pre-
sent results (Table 7), and those from earlier studies with rat
(Goodlad & Mathers, 1990) and pig (Goodlad & Mathers,
1991) models, indicate that butyrate can bypass the liver
and appear in raised concentrations in the peripheral
blood. These observations are in accord with those of
Wolever & Chiasson (2000) who reported higher concen-
trations of butyrate in the peripheral blood from human sub-
jects with impaired glucose tolerance who were treated with
acarbose for 4 months. The metabolic and health conse-
quences, if any, of the increased circulating concentrations
of butyrate remain to be established.

In the present study (Table 8), there was little evidence
that the greater production of butyrate (and other SCFA)
from starch fermentation following acarbose administration
increased CCP rate. This is in contrast with Weaver et al.
(2000) who observed higher rates of cell proliferation and
an upward shift in the distribution of dividing cells in rectal
mucosal biopsies from human volunteers given acarbose
for 4 months. This treatment also raised faecal butyrate
output (Weaver et al. 2000). Previous studies have shown
that both the ileal injection of SCFA (especially butyrate;
Sakata, 1987) and the provision of additional fermentable
carbohydrate to the LB by intra-caecal infusion of glucose
(Miazza et al. 1985) or feeding NSP-rich diets (Goodlad
et al. 1987; Johnson et al. 1988) increased mucosal cell
proliferation rate. This led to the hypothesis that butyrate
stimulates colonic cell proliferation, which may be
counterproductive. This is because higher rates of CCP
and/or an upward shift within the crypt in the distribution
of mitotic cells have been associated with the increased
risk of colonic neoplasia in some (Deschner et al. 1963;
Lipkin, 1974; Terpstra et al. 1987; Mills et al. 1995)
but not all studies (Green et al. 1998; Mills et al. 2001).
Such proliferative changes are of potential interest
as surrogate endpoints in colorectal cancer chemopreven-
tive studies (Kelloff er al. 1994). We have argued
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(Key et al. 1996) that increased LB mucosal proliferation
in response to additional SCFA is seen when the starting
point is a hypoproliferative mucosa (Sakata, 1987), i.e.
the increase is a return to the normal state. Alternatively,
an increased proliferation may be a transient phenomenon
accompanying tissue hypertrophy and would be expected
to revert to normal when the animal has adapted to the
new dietary situation (Key et al. 1996). From investi-
gations using ApcAl309 gene knockout mice, which develop
multiple intestinal adenomas spontaneously, there is some
evidence that acarbose treatment may suppress tumour
multiplicity in the stomach and reduce the size of tumours
developing in the more distal intestine (Quesada et al.
1998). Whether this is related to changes in butyrate pro-
duction or to CCP remains to be established.

In conclusion, the present study has shown that acarbose
treatment is a very effective means of shifting digestion of
starch from the SI to the LB. The increased fermentation of
starch resulted in a greater production of SCFA and, in par-
ticular, butyrate which was reflected in higher concen-
trations of butyrate in the portal and peripheral blood.
Despite substantial intestinal hypertrophy and consistent
increases in crypt width throughout the intestine, there
were few significant changes in CCP at any site. Given
the potential anti-neoplastic benefits of enhanced butyrate
production (Williams et al. 2003), these results suggest
that there are unlikely to be adverse effects and, indeed,
possibly some amelioration of the risk of colorectal
cancer when acarbose is administered in the chemopreven-
tion of type 2 diabetes (Chiasson et al. 2002).

Acknowledgements

M. D.-K. thanks the Iranian Ministry of Health and Medical
Education for a postgraduate award. We are grateful to
F. Brighenti (University of Milan) for advice on the determi-
nation of SCFA in blood.

References

Ardawi MSM & Newsholme EA (1985) Fuel utilization in colo-
nocytes of the rat. Biochem J 231, 713-719.

Bischoff H (1994) Pharmacology of a-glucosidase inhibition. Eur
J Clin Invest 24, Suppl. 3, 3—-10.

Calvert RJ, Otsuka M & Satchithanandam S (1989) Consumption
of raw potato starch alters intestinal function and colonic cell
proliferation in the rat. J Nutr 119, 1610-1616.

Chiasson JL, Gomis R, Hanefeld M, Josse RG, Karasik A &
Laakso M (1998) The STOP-NIDDM trial: an international
study on the efficacy of an alpha-glucosidase inhibitor to pre-
vent type 2 diabetes in a population with impaired glucose
intolerance: rationale, design, and preliminary screening data.
Study to Prevent Non-Insulin-Dependent Diabetes Mellitus.
Diabetes Care 21, 1720—1725.

Chiasson JL, Josse RG, Gomis R, Hanefeld M, Karasik &
Laakso M; STOP-NIDDM Trial Research Group (2002)
Acarbose for prevention of type 2 diabetes mellitus: the
STOP-NIDDM randomised trial. Lancet 359, 2072-2077.

Coniff RF, Shapiro JA & Seaton TB (1994) Long-term efficacy
and safety of acarbose in the treatment of obese subjects with
non-insulin dependent diabetes mellitus. Arch Intern Med
154, 2442-2448.

Couet C, Ulmer M, Hamdaoui M, Bau HM & Debry G (1989)
Metabolic effects of acarbose in young healthy men.
Eur J Clin Nutr 43, 187-196.

Cummings JH, Beatty ER, Kingman SM, Bingham SA & Englyst
HN (1996) Digestion and physiological properties of resistant
starch in the human large bowel. Br J Nutr 75, 733-747.

Demigné C, Yacoub C & Rémésy C (1986) Effects of absorption
of large amounts of volatile fatty acids on rat liver metabolism.
J Nutr 116, 77-86.

Deschner E, Lewis CM & Lipkin M (1963) In vitro study of
human rectal epithelial cells. 1. Atypical zone of H> thymidine
incorporation in mucosa of multiple polyposis. J Clin Invest 42,
1922-1928.

Dimitriadis GD, Tessari P, Go VLW & Gerich JE (1985)
a-Glucosidase inhibition improves postprandial hyperglycemia
and decreases insulin requirements in insulin-dependent dia-
betes mellitus. Metabolism 34, 261-265.

Englyst HN & Cummings JH (1988) Improved methods for the
measurement of dietary fibre as non-starch polysaccharides in
plant foods. J Assoc Anal Chem 71, 808—814.

Englyst HN, Hay S & Macfarlane GT (1987) Polysaccharide
breakdown by mixed populations of human faecal bacteria.
FEMS Microbiol Lett 45, 163-171.

Goodlad JS & Mathers JC (1988) Effect of food carbohydrates on
large intestinal fermentation in vitro. Proc Nutr Soc 47, 176A.

Goodlad JS & Mathers JC (1990) Large bowel fermentation in rats
given diets containing raw peas (Pisum sativum). Br J Nutr 64,
569-587.

Goodlad JS & Mathers JC (1991) Digestion by pigs of non-starch
polysaccharides in wheat and raw peas (Pisum sativum) fed in
mixed diets. Br J Nutr 65, 259-270.

Goodlad RA, Lenton W, Ghatei MA, Adrian TE, Bloom SR &
Wright NA (1987) Effects of an elemental diet, inert bulk
and different types of dietary fibre on the response of the intes-
tinal epithelium to refeeding in the rat and relationship to
plasma gastrin, enteroglucagon, and PYY concentrations. Gut
28, 171-180.

Goodlad RA & Wright NA (1982) Quantitative studies on epi-
thelial replacement in the gut. In Techniques in the Life
Sciences. Digestive Physiology, pp. 212/1-212/13 [DA
Titchen, editor]. Limerick, Republic of Ireland: Elsevier Scien-
tific Publishers Ireland Ltd.

Green SE, Chapman P, Burn J, Burt AD, Bennett M, Appleton
DR, Varma JS & Mathers JC (1998) Colonic epithelial cell pro-
liferation in hereditary non-polyposis colorectal cancer. Gut 43,
85-92.

Hauner H (1999) The impact of pharmacotherapy on weight man-
agement in type 2 diabetes. Int J Obes Relat Metab Disord 23,
Suppl. 7, S12-S17.

Holman RR, Cull CA & Turner RC (1999) A randomised double-
blind trial of acarbose in type 2 diabetes shows improved
glycaemic control over 3 years (U.K. Prospective Diabetes
Study 44). Diabetes Care 22, 960—964.

Holt PR, Atillasoy E, Lindenbaum J, Ho SB, Lupton JR,
McMahon D & Moss SF (1996) Effects of acarbose on fecal
nutrients, colonic pH, and short-chain fatty acids and rectal pro-
liferative indices. Metabolism 45, 1179-1187.

Johnson IT, Gee JM & Brown JC (1988) Plasma enteroglucagon
and small bowel cytokinetics in rats fed soluble non-starch
polysaccharides. Am J Clin Nutr 47, 1004—10009.

Kast RE (2002) Acarbose related diarrhea: increased butyrate
upregulates prostaglandin E. Inflam Res 51, 117-118.

Kelloff GJ, Boone CW, Steele VE, Crowell JA, Lubet R &
Sigman CC (1994) Progress in cancer chemoprevention:
perspectives on agent selection and short-term clinical inter-
vention trials. Cancer Res 54, 2015s-2024s.

Key FB, McClean D & Mathers JC (1996) Tissue hypertrophy and

ssa.d Anssanun abprquie) Ag suljuo paysiignd £901£00ZNIE/6£01°01/B10"10p//:sdny


https://doi.org/10.1079/BJN20031063

Acarbose and large-bowel fermentation 365

epithelial proliferation rate in the gut of rats fed on bread
and haricot beans (Phaseolus vulgaris). Br J Nutr 76, 273 -286.

Key FB & Mathers JC (1993) Gastrointestinal responses of rats fed
on white and wholemeal breads: complex carbohydrate digest-
ibility and the influence of dietary fat content. Br J Nutr 69,
481-495.

Kooshkghazi MD & Mathers JC (1998) Acarbose increases caecal
short-chain fatty acids (SCFA) and uptake into portal vein.
Proc Nutr Soc 57, 43A.

Laube H, Linn T & Heyen P (1998) The effect of acarbose on
insulin sensitivity and proinsulin in overweight subjects with
impaired glucose tolerance. Exp Clin Endocrinol Diabetes
106, 231-233.

Lipkin M (1974) Phase 1 and phase 2 proliferative lesions of
colonic epithelial cells in diseases leading to colonic cancer.
Cancer 34, 878—-888.

Macfarlane GT (1991) Fermentation reactions in the large intes-
tine. In Short Chain Fatty Acids: Metabolism and Clinical
Importance, Report of the Tenth Ross Research Conference
on Medical Issues, pp. 5—10 [AF Roche, editor]. Columbus,
OH: Ross Laboratories.

McNeil NI, Cummings JH & James WPT (1978) SCFA absorp-
tion from the human large intestine. Gut 19, 819-822.

Mallett AK, Bearne CA, Young PJ, Rowland IR & Berry C
(1988) Influences of starches of low digestibility on the rat
caecal microflora. Br J Nutr 60, 597-604.

Mathers JC & Dawson LD (1991) Large bowel fermentation in
rats eating processed potatoes. Br J Nutr 66, 313—329.

Mathers JC, Fernandez F, Hill MJ, McCarthy PT, Shearer MJ &
Oxley A (1990) Dietary modification of potential vitamin K
supply from enteric bacterial menaquinones in rats. Br J Nutr
63, 639-652.

Mathers JC & Goodlad JS (1999) Carbohydrate fermentation and
microbial cell growth in suspensions of pig large bowel con-
tents. Sci Aliments 19, 491-497.

Mathers JC, Lawlor PA & Parker DS (1992) Effects of guar
gum supplementation on small intestinal hydrolases in the rat.
Proc Nutr Soc 51, 2A.

Mathers JC, Smith H & Carter S (1997) Dose—response effects of
raw potato starch on small-intestinal escape, large bowel fer-
mentation and gut transit time. Br J Nutr 78, 1015-1029.

Miazza BM, Al-Mukhtar MYT, Salmeron M, Ghatei MA,
Felce-Dachez M, Filali A, Villet R, Wright NA, Bloom SR
& Crambaud JC (1985) Hyperenteroglucagonaemia and small
intestinal mucosa growth after colonic perfusion of glucose in
rats. Gut 26, 518-524.

Mills SJ, Mathers JC, Chapman PD, Burn J & Gunn A (2001)
Colonic crypt cell proliferation state assessed by whole crypt
microdissection in sporadic neoplasia and familial adenoma-
tous polyposis. Gut 48, 41-46.

Mills SJ, Shepperd NA, Hall PA, Hastings A, Mathers JC &
Gunn A (1995) Proliferative compartment deregulation in the

non-neoplastic colonic epithelium of familial adenomatous
polyposis. Gut 36, 391-394.

Preston-Martin S, Pike MC, Ross RK, Jones PA & Henderson BE
(1990) Increased cell division as a cause of human cancer.
Cancer Res 50, 7415-7421.

Quesada CF, Kimata H, Mori M, Nishimura M, Tsuneyoshi T &
Baba S (1998) Piroxicam and acarbose as chemopreventive
agents for spontaneous intestinal adenomas in APC gene
1309 knockout mice. Jap J Cancer Res 89, 392-396.

Roediger WEW (1980) Role of anaerobic bacteria in the
metabolic welfare of the colonic mucosa of man. Gur 21,
793-798.

Roediger WEW (1982) Utilization of nutrients by the isolated
epithelial cells of the rat colon. Gastroenterology 83, 424—429.

Ruppin H, Bar-Meir S, Soergel KH & Schmitt MG (1980)
Absorption of SCFA by the colon. Gastroenterology 78,
1500-1507.

Sakata T (1987) Stimulatory effects of short-chain fatty acids on
epithelial cell proliferation in the rat intestine: a possible expla-
nation for the trophic effects of fermentable fibre, gut microbes
and luminal trophic factors. Br J Nutr 58, 95-103.

Scheppach W, Fabian C, Sachs M & Kasper H (1988) The effect
of starch malabsorption on fecal short-chain fatty acid
excretion in man. Scand J Gastroenterol 23, 755-759.

Terpstra OT, van Blankenstein M, Dees J & Eilers GAM (1987)
Abnormal pattern of cell proliferation in the entire colonic
mucosa of patients with colon adenoma or cancer. Gastroenter-
ology 92, 704-708.

Weaver GA, Krause JA, Miller TL & Wolin MJ (1992) Cornstarch
fermentation by the colonic microbial community yields more
butyrate than does cabbage fibre fermentation; cornstarch
fermentation rates correlate negatively with methanogenesis.
Am J Clin Nutr 55, 70-77.

Weaver GA, Tangel CT, Krause JA, Parfitt MM, Jenkins PL,
Rader JM, Lewis BA, Miller TL & Wolin MJ (1997) Acarbose
enhances human colonic butyrate production. J Nutr 127,
717-723.

Weaver GA, Tangel CT, Krause JA, et al. (2000) Biomarkers
of human colonic cell growth are influenced differently by a
history of colonic neoplasia and the consumption of acarbose.
J Nutr 130, 2718-2725.

Williams EA, Coxhead JM & Mathers JC (2003) Anti-cancer
effects of butyrate: use of micro-array technology to investigate
mechanisms. Proc Nutr Soc 62, 107-115.

Wolever TMS & Chiasson J-L (2000) Acarbose raises serum
butyrate in human subjects with impaired glucose tolerance.
Br J Nutr 84, 57-61.

Wolin MJ, Miller TL, Yerry S, Zhang Y, Bank S & Weaver GA
(1999) Changes in fermentation pathways of fecal microbial
communities associated with a drug treatment that increases
dietary starch in the human colon. Appl Environ Microbiol
65, 2807-2812.

ssa.d Anssanun abprquie) Ag suljuo paysiignd £901£00ZNIE/6£01°01/B10"10p//:sdny


https://doi.org/10.1079/BJN20031063

