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Chemistry and Biochemistry of Microbial a-Glucosidase Inhibitors

By Ernst Truscheit, Werner Frommer, Bodo Junge, Lutz Miiller,

Delf D. Schmidt, and Winfried Wingender"

Dedicated 1o Professor Herbert Griinewald on the occasion of his 60th birthday

o-Glucosidases are among the most important carbohydrate-splitting enzymes. They cata-
lyze the hydrolysis of a-glucosidic linkages. Their substrates are—depending on their spe-
cificity—oligo- and polysaccharides. Microbial inhibitors of a-amylases and other mam-
malian intestinal carbohydrate-splitting enzymes studied during the last few years have
aroused medical interest in the treatment of metabolic diseases such as diabetes. Moreover,
they extend the spectrum of microbial secondary metabolites which comprises an enormous
variety of structures. They also contribute considerably to a better understanding of the
mechanism of action of a-glucosidases. These inhibitors belong to different classes of sub-
stances. Those studied most thoroughly are microbial a-glucosidase inhibitors which are
members of a homologous series of pseudooligosaccharides of the general formula (4).
They all have a core in common which is essential for their inhibitory action, a pseudodi-
saccharide residue consisting of an unsaturated cyclitol unit, and a 4-amino-4,6-dideoxy-
glucose unit. The—in many respects—most interesting representative of this homologous
series is acarbose (5), a pseudotetrasaccharide exhibiting a very pronounced inhibitory ef-
fect on intestinal a-glucosidases such as sucrase, maltase and glucoamylase. The present pa-
per will review this new field of microbial a-glucosidase inhibitors which has been studied
with particular intensity during the past ten years.

1. Introduction

Natural enzyme inhibitors, especially inhibitors of hy-
drolases are found in many plants and animals as well as
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in bacteria and fungi. Some of them have been known for
a long time. The ubiquitous protease inhibitors!*-% have
been studied most thoroughly with respect to their struc-
ture, function and mechanism of action. Publications on
protease inhibitors of the serum'® already appeared at the
end of last century. Reports on natural a-glucosidase inhi-
bitors date back to the early thirties of this century. In 1933
Chrzaszez and Janicki” described a protein-like substance
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practically insoluble in water which is found in the malts
of various kinds of grain, especially in buckwheat malts.
Because of its malt a-amylase inactivating properties this
substance was called “‘sistoamylase”. Later Kneen and
Sandstedt®® described water-soluble preparations with
protein character and o-amylase inhibiting properties
which they had isolated from rye and wheat germ flour.
These substances were potent inhibitors of a-amylases
from human saliva and bacteria. Pancreatic amylase, e.g.
porcine, was inhibited to a lesser degree. Potent inhibitors
of a-amylase were later discovered also in other plants,
e.g. bean seeds®'¥ and the tuberous root of Colocasia™,
and found to be proteins and glycoproteins. The a-amylase
inhibitors of plant origin, especially those from wheat,
have been studied very closely by several investigatorsi’®!
since about 1970. By means of special methods of isolation
using aqueous-alcoholic solutions at acidic pH, prepara-
tions were obtained from wheat germ flour or preferably
glutens, which proved to be potent inhibitors of both sali-
vary and pancreatic a-amylases'”-"®. Such a preparation
was even able to inhibit pancreatic amylase in vivo. As was
demonstrated by starch loading tests carried out with rats,
dogs, and healthy volunteers, the inhibitor, administered
orally, reduces the postprandial hyperglycaemia'” and hy-
perinsulinaemia dose-dependently’”'?. These findings
provided experimental evidence for a new concept devel-
oped by Puls!'>?® for the treatment of metabolic disorders
such as diabetes mellitus, adiposity and hyperlipoprotei-
naemia, Type IV, and gave rise to a screening for a-glhuco-
sidase inhibitors of microbial origin in the course of which
new interesting active substances were isolated from mi-
croorganisms of the order Actinomycetales”". Among these
were inhibitors of a-glucosidases found to be members of
a homologous series of complex oligosaccharides (pseu-
dooligosaccharides)?> 2,

The wide distribution of microbial a-amylase inhibitors,
especially in organisms of the genus Streptomyces, has
been confirmed by various teams of investigators during
the past few years (cf. Table 4). We have found that new
methods for microbiological screening tests will lead to
new substance classes with interesting biochemical proper-
ties so that the spectrum of microbial metabolites, showing
a great structural variety and so far exhibiting predomi-
nantly antibiotic effects, is extended. Systematic studies
which have been carried out by the Umezawa group™¥
since the second half of the sixties have yielded similar re-
sults. These investigators searched and found above all mi-
crobial inhibitors of proteases, esterases, aminopeptidases
and enzymes involved in the biosynthesis of epine-
phrinel#*-2¢.

a-Glucosidases are hydrolases that occur ubiquitously
in bacteria, fungi, plants and animals. By definition, they
catalyze the hydrolysis of a-glucosidic linkages. Depend-
ing on their specificity, their substrates are oligo- and poly-
saccharides.

At present, there is practically no evidence that the mi-
crobial inhibitors of a-glucosidases dealt with in this paper

[*] postprandial =occurring after a meal; hyperglycaemia =excessively in-
creased blood glucose values; hyperinsulinaemia=excessively increased
blood insulin values; adiposity = obesity.
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have a biological function. However, on the one hand they
are of pharmaceutical interest, on the other they contribute
decisively to a better understanding of the mechanism of
action of a-glucosidases. The inhibitors of this type have
so far been studied mainly with regard to the effect on a-
glucosidases occurring in the intestinal tract of mammals.
Our interest, therefore, centers on a-amylase produced in
the pancreas and secreted into the small intestine and also
on oligo- and disaccharidases located in the brush border
of the small intestine. These glucoamylase, maltase, iso-
maltase, and sucrase activities may function as reaction
partners of microbial a-glucosidase inhibitors.

2. Amylases and Enzymatic Starch Hydrolysis

The natural substrate of the amylases is starch, the main
storage form of carbohydrate in most of the higher plants.
Detailed reviews have been published?’-?) on its structure,
which was determined especially by enzymatic methods,
and on its metabolism. Starch is composed of two polysac-
charides, amylose and amylopectin. Partial molecular
structures of these two constituents (generally 15—25%
amylose and 75—85% amylopectin) are shown in Figure 1
and their most important properties are listed in Table 1.

Table 1. Properties of starch-type polysaccharides, according to Manners
28}

Property Amylose Amylopectin
General structure essentially branched
unbranched
Average chain length [a] ~ 10° 20--25
Degree of polymerization {a) =~ 10° 10°—10°
Conversion into maltose [%]
a) with a-amylase =~ 100 ~90
b) with B-amylase 70—100 =55
c) with B-amylase after pretreatment with a 100 =75
debranching enzyme [b]
{a] D-glucose residues. [b} Yeast isoamylase.
|
Oy CH,OH
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o cu,og
HO
Oy CHOH
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é O“?OHO Amylose O CH,OH
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CHy
(o) %
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Fig. 1. Partial structures of amylose and amylopectin molecules.
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Amylose is a linear (1—-4)-a-glucan consisting of heli-
cally arranged chains of polysaccharides with an average
degree of polymerization of about 1000 glucose residues.
Amylopectin, on the other hand, is a branched polysac-
charide the molecules of which have a much higher molec-
ular weight (up to about 107). The molecules have a tree-
like structure®” consisting of two types of (1—4)-a-glucan
chains with an average length of 20 and of over 50 p-glu-
cose residues, resp. that are connected by a(1—6)-linkages.
A molecule of amylopectin can contain up to 100000 D-
glucose residues and 4000—5000 inter-chain o(1—6)-glu-
cosidic linkages (and the same number of individual
chains) (Figs. 1 and 2)".

+«—— g-Amylase
f-Amylase
/—x—j

L
T

2 3. o-Amylase a-Amylase

«—— a~Amylase

+—— "Debranching enzymes”

Glucoamylase

Fig. 2. Sites of action of various starch-degrading enzymes (partial structure
of an amylopectin molecule).

a-Amylases (1,4-a-D-glucan glucanohydrolases, EC
3.2.1.1) attack the substrate molecule—as can be seen sche-
matically in Figure 2 for the example of amylopectin—
from inside acting as “endoenzymes”, and split off maltose
residues released in the a-configuration. Amylose is thus
degraded mainly to maltose (1) by up to 100%, amylopectin
by up to about 90%. In addition, slight amounts of malto-
triose and glucose may result.

GH,OH
HO O,
HO CH,OH
HO/, o
HO

When amylopectin is degraded, so called a-dextrins!®®
(see diagram in Fig. 3) are also formed which still contain
the original inter-chain o(l1—6)-glucasidic linkages not
cleaved by a-amylases.

o—0—0——e 0O0—O0—0e OO0

Fig. 3. Typical a-dextrin structures according to Manners [28). O: a(l1—+4)-
linked D-glucose residue; }: a{1-6)-inter-chain linkage; @: free reducing
group.

{*] One amylopectin molecule contains only 1 reducing glucose residue.
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B-Amylases (1,4-a-D-glucan maltohydrolases, EC
3.2.1.2) are found preferentially in plants but are not pro-
duced by the mammalian organism. They act as “exoen-
zymes”’, splitting successive maltose residues (which due
to inversion are released in the §-configuration) from amy-
lose and amylopectin from the non-reducing end (cf. Fig.
2). The degradation of amylose is sometimes complete
only after pretreatment with a so-called “debranching en-
zyme” (e.g. microbial isoamylase, glycogen 6-glucanohy-
drolase, EC 3.2.1.68) (cf. Table 1)® due to the presence of
a very small number of branch points. The B-amylolytic de-
gradation of amylopectin, on the other hand, remains in-
complete even under these conditions (cf. Table 1), since
the outermost branching sites can be neither split nor by-
passed?’-2%,

Glucoamylases (1,4-a-D-glucan glucohydrolase, EC
3.2.1.3) also known as exo-oa-(1—4)-glucosidases, amylo-
glucosidases or y-amylases are found preferentially in mi-
croorganisms but also occur as enzyme complexes (see
Section 3) in the intestinal wall of mammals. They succes-
sively split off glucose residues from the non-reducing end
(Fig. 2).

The “‘debranching enzymes” which split a(1—-6)-gluco-
sidic linkages in the native amylopectin molecule, occur
preferentially in microorganisms and plants. Correspond-
ing enzymes of the mammalian organisms are not active in
the intestinal tract. Here the intestinal oligo- and disac-
charidases (Section 3) act on the o-(1—6)-glucosidic lin-
kages of degradation products of amylopectin.

The a-amylases, the mode of action of which has al-
ready been described, are the starch-degrading enzymes in-
vestigated most thoroughly. Highly purified preparations
have been obtained from a great variety of microbes,
plants and animals and have been biochemically charac-
terized. The main sources for animal a-amylases are pan-
creatic juice and saliva. Different forms (isoenzymes) of
both human salivary amylase®" of molecular weights be-
tween 50000 and 53000 and pancreatic amylase of hogs®?
of molecular weights between 51000 and 54 000 have been

Principle of determination according to Bernfield [33]:

1) Hydrolysis of soluble starch, 5 min at 35°C, pH 6.9 (0.02M sodium glyce-
rophosphate buffer, 0.001 M CaCly).

2} Determination of the reducing groups formed by reaction with 3,5-dinitro-
salicylic acid reagent and measurement of the extinction at 540 nm.

Definition of amylase unit (AU):

1 AU=1 pVal maltose/min.

Definition of amylase-inhibitor unit AIU:

1 AIU: amount of inhibitor which after previous incubation with the enzyme

inhibits 2 AU by 50%.

Scheme 1. Activity of a-amylase.

Principle of determination according to F.I.P. {34]; modification of the test

according to Willstéitter (R. Wilistdtter, G. Schudel, Ber. Dtsch. Chem. Ges.

51,780 (1918)):

1) Hydrolysis of soluble starch at pH 6.8 and 25°C (in the presence of
NaCl).

2) Titration of the reducing groups with iodine in alkaline solution.

Definition of amylase unit according to F.L.P. (FIP-AU):

1 FIP-AU: that amount of enzyme which, under the test conditions, splits

starch at such an initial rate that 1 micro-equivalent of glucosidic linkages is

hydrolyzed per minute.

Definition of “F.I.P. amylase inhibitor unit (FIP-AIU)”:

1 FIP-AIU: that amount of inhibitor which after previous incubation with

the enzyme inhibits 2 FIP-AU by 50%.

Scheme 2. Activity of a-amylase.

Angew. Chem. Int. Ed. Engl. 20, 744-761 (1981)



described. Partial sequences of the polypeptide chain,
made up of approximately 470 amino acid residues, are
known.

Various methods are used to determine the activity of a-
amylases and their inhibitors. We refer to two test methods
which are briefly described in Schemes 1 and 2.

The first of these methods introduced by Bernfeld® is
used frequently, though in many modified forms. The sec-
ond method, the so-called “FIP-Test” is recommended by
the “Commission on Enzymes” of the Fédération Interna-
tionale Pharmaceutique for the determination of activity of
pancreatic a-amylase®¥. The inhibitory tests outlined in
Schemes 1 and 2 have been described in detail®®", Other
tests, especially to determine the activity of a-amylase inhi-
bitors of plant origin, have been described in detail by
Whitaker™® and Marshall®®.

3. Intestinal Oligo- and Disaccharidases, Their
Substrates and the Determination of Their Activity

While after food intake pancreatic a-amylase is secreted
by the pancreas into the duodenum and—apart from a
partial adsorption at the intestinal wall—exerts its effect
(the initiation of intestinal starch digestion) in the lumen of
the small intestine, the intestinal oligo- and disacchari-
dases are fixed components of the cell membrane of the
“brush border region™ of the wall of the small intestine.
These glycoside hydrolases of the intestinal wall, of which
only slight amounts are released into the intestinal lumen,
act mainly in a membrane-bound form. Their properties
and mode of action and the molecular mechanism of ac-
tion of sucrase are described in detail in a review by Se-
menza®". These enzymes are listed in Table 2.

Table 2. Oligo- and disaccharidases of the small intestine [37].

Designation EC number

1 Maltases-glucoamylases 3.2.1.20 or 3.2.1.3.
(y-amylases)
Sucrase-maltase
Isomaltase-maltase
«-Limit dextrinase [40]
Trehalase 3.2.1.28

Lactase and hetero-8-glucosidase 3.2.1.23 and 3.2.1.62

(phlorizine hydrolase)

3.2.1.48 or 3.2.1.20
3.2.1.10 or 3.2.1.20

(= SRV L

Trehalase, lactase and hetero-B-glucosidase have been
included for the sake of completeness.

Like the other membraneous glucosidases, maltase-glu-
coamylases—also known as y-amylases—can be obtained
in a homogeneous form by solubilization of an intestinal
mucosa preparation with papain and subsequent chroma-
tography. A preparation of human origin is a glycoprotein
with a carbohydrate content of 32—38% and a molecular
weight of the protein portion of about 2200003, Sub-
strates are maltose (1), maltotriose and higher a(1-»4)-glu-
cans including amylose and amylopectin, viz. starch. By
cleaving linkages from the non-reducing end (cf. Fig. 2)
glucose in the a-pyranose form is produced. The process
of splitting is the faster, the smaller the substrate mole-
cule—in contrast to the splitting of poly- and oligosacchar-

Angew. Chem. Int. Ed. Engl 20, 744-761 (1981)

ides by pancreatic a-amylase which is already slightly inhi-
bited by maltose. Maltase-glucoamylases thus improve the
effectivity of pancreatic amylase. These enzymes are com-
petitively inhibited by 2-amino-2-hydroxymethyl-1,3-pro-
panediol (tris).

The sucrase-isomaltase complex, which among the intes-
tinal oligo- and disaccharidases has been characterized in
greatest detail, can be obtained by solubilizing the mucosa
material of the small intestine with either proteases (pa-
pain) or detergents (Triton X-100, sodium dodecylsulfate
(SDS)). This complex is a glycoprotein with a carbohy-
drate content of 15% and a molecular weight for the pro-
tein component of about 220 000. The complex can be split
into 2 sub-units by various methods: into a sucrase-maltase
and an isomaltase-maltase. Both units have an active cen-
ter with sucrase and maltase specificity and with isomal-
tase and maltase specificity, respectively. The sucrase-iso-
maltase complex from the mucosa of human small intes-
tine can be split using B-mercaptoethanol and urea®®, The
2 sub-units are very much alike: their amino acid composi-
tion is similar. Both liberate glucose in the a-pyranose
form. The sucrase-maltase complex splits sucrose (2), mal-
tose (1), maltotriose and higher oligosaccharides. Sub-
strates for the isomaltase-maltase sub-unit are, besides
maltose (1) and isomaltose (3), other oligosaccharides with
o(1—6)-glucosidic linkages such as isomaltulose, isomalto-
triose, a-dextrins (cf. Fig. 3) and higher limit dextrins.

CH,OH CH,0H
HO 2 CH,OH HO R
HO 2 HO
HO loN%:! HO
(2) o Q (3
CH,OH CHzO
HO HO
HO
HO “OH

Both sub-units are competitively inhibited by tris. Ac-
cording to recent studies by Marshall et al.*”, a further a-
glucosidase activity of the small intestinal wall, designated
limit dextrinase, which splits a(1—6)-glucosidic linkages is
required in addition to the isomaltase-maltase complex.

The function of the intestinal a-glucosidases described
in this section is, on the one hand, the further degradation
of oligosaccharides (maltose, maltotriose, a-dextrins, iso-
maltose erc.), that are produced by pancreatic a-amylase
from starch, to absorbable glucose which is introduced
into the intermediary metabolism. On the other hand, they
also break down oligosaccharides such as sucrose ingested
with the food to absorbable monosaccharides such as glu-
cose and fructose. In vivo, these processes are rather com-
plex and have not yet been clarified in all detail. A recent
review by Semenza*" presents a critical evaluation of the
present state of knowledge and of open questions in this
field.

When determining the activities of intestinal oligo- and
disaccharidases and their inhibitors, mostly enzyme prepa-
rations obtained by solubilizing mucosa of the small intes-
tine e.g. from hogs*? are used. The specificity of the test
applied depends on the substrate (sucrose®**® mal-
tose, isomaltose™®¥, soluble starch¥, “dextrin” (ob-
tained by the exhaustive degradation of glycogen with
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pancreatic amylase)™***®)). The methods of determining the
activity of sucrase and its inhibition are outlined in
Scheme 31",

Principle of determination {43b]:

1) Hydrolysis of 0.2 M sucrose, 20 min at 37°C, pH 6.25 (0.1 M sodium malei-
nate buffer).

2) Determination of released glucose, using glucose dehydrogenase reagent
(in 0.5 m trisbuffer, pH 7.6), 30 min at 37°C, and determination of absorp-
tion at 340 nm.

Principle of sucrase inhibition test [43b]:
Determination of residual activity after 10 minutes of pre-incubation of the
enzyme with the inhibitor at 37°C, pH 6.25.

Scheme 3. Activity of sucrase.

4. Survey of the Occurrence and Composition of
Microbial a-Glucosidase Inhibitors

In a screening for microbial a-glucosidase inhibitors
started about 10 years ago, inhibitory activities, especially
against pancreatic o-amylase and small intestinal sucrase
from hogs, were found in almost all genera of the order Ac-
tinomycetales, of which many strains were available®?"?*],
These inhibitors occur especially in strains of the family
Actinoplanaceae'™, above all of the genera Actinoplanes,
Ampullariella and Streptosporangium. Table 3 presents
some of the results of these studies’). The relatively high
frequency of activities for Actinoplanes and Streptosporan-
gium is striking.

Table 3. Occurrence of o-amylase and sucrase inhibitors in strains of various
genera [25).

Genus No. of Strains Strains active
strains active against
tested against sucrase from
amylase small intestine
from hog of hogs
pancreas
Streptomyces 85 3 2
Actinoplanes 220 43 24
Streptosporangium 161 18 24

Some strains showed effects on individual a-glucosi-
dases, the others were effective against several enzyme ac-
tivities. The preparation of a-amylase inhibitors resulted in
two different groups of active substances!?*2;

a)inhibitors of a polypeptide character which are heat-la-
bile, hard to dialyze if at all, and can be inactivated by
treatment with trypsin, urea or f-mercaptoethanol.

b)inhibitors which are complex oligosaccharides and have
been studied most thoroughly (see Section 5). They are
stable to heat (at pH 7), acid (up to pH 2), alkali (up to
pH 12) and some are dialyzable. Besides a-amylase inhi-
bitors this group includes inhibitors of oligo- and disac-
charidases of the mammalian intestinal tract.

[*] These strains, until that date hardly exposed to testing for secondary me-
tabolite formation, were isolated by A. Henssen and D. Schdfer, Fachbereich
Botanik, Universitit Marburg (Germany).
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The occurrence of a-amylase inhibitors, which will be
described in detail in the following sections, has during the
past few years been confirmed by various groups of inves-
tigators especially for Streptomycetes sp. (Table 4).

Table 4. Occurrence and composition of microbial inhibitors of mammalian
a-glucosidases (arranged in chronological order of publication).

Occurrence Composition Specificity Ref.
Actinomycetes proteins, complex salivary and pan- 21, 23]
of various oligosaccharides creatic a-amylases,
genera glucoamylases, intes-
tinal oligo- and
disaccharidases
Streptomyces carbohydrate- salivary, pancreatic [47-50}
Sflavochromogenes containing amylase; bacterial
polypeptides a-amylases, Rhizopus
(inhibitors glucoamylase
A,B,B',C)
Streptomyces N-containing salivary, pancreatic [51-53]
diastaticus var. oligosaccharide amylase;
amylostaticus (amylostatin, S-AI) microbial a-amy-
lases, malt amylase,
Rhizopus amylase
Streptomyces acidic polypeptide, o-amylases [54]
fradiae mol. weight =~ 6500
(inhibitor X2)
Bacilli, Strep- nojirimycin, intestinal mammalian [44,
tomyces sp. 1-deoxynojirimycin oligo- and disaccha-  55-63)
ridases;
plant and fungal
B-glucosidases
Streptomyces sp.  glucose-containing salivary [64]
oligosaccharide, «-amylase,
mol. weight =~ 600 glucoamylase
Streptomyces glycopeptide, rich a-amylases, [65]
calidus in lysin and maltase and sucrase
glucose of digestive tract
Streptomyces polypeptide, animal a-amylases [66, 67]
tendae mol. weight ~7400
Streptomyces sp.  N-containing a-amylase, [68]
oligo-saccharides sucrase, malitase
(“‘amino sugars™)
Streptomyces N-containing oligosac- microbial and [691
calvus charides, mol. weight mammalian
950-1050, 650-700 a-amylases,
(inhibitors TAI-A microbial
and TAI-B, resp.) glucoamylase
Streptomyces “amino sugar o-amylase [70]
dimorphogenes derivatives”
(trestatins A, B, C)
Streptomyces proteins, mol. weight pancreatic [71,72a)
griseosporeus =~ 8500 a-amylase
(inhibitors Haim I
and I}
Streptomyces weakly basic intestinal {72b}
myxogenes oligosaccharides mammalian
(SF-1130-X,, a-glucosidase and
-Xa, -X3) sucrase

5. Acarbose

and Homologous Pseudo-oligosaccharidic
o-Glucosidase Inhibitors

As mentioned in Section 4 a totally new substance class

of secondary metabolites marked by a very pronounced in-
hibitory effect mainly against intestinal a-glucosidases of
mammals has been found in culture filtrates’?’-?*. These
inhibitors are members of a homologous series of pseudo-
oligosaccharides the general formula (4) of which is pre-
sented in Table 5.

A characteristic of these inhibitors is that they have
a core essential for their inhibitory action composed of
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Table 5. Pseudo-oligosaccharidic a-glucosidase inhibitors of the general for-
mula (4).

CH,0H CHy0H CHg CHOH
(o] O Q
n_f o A0H -0 @ y OH N 4\oH O4-H
OH OH OH OH
m n
(4)
Designation m n  Structural  Ref.
formula
“Component 2" 0 1 (6) {25, 46]
“Component 3" (acarbose, BAY g 5421) 0 2 (5) {23, 25,
43b, 46]
“Component 4" [a] 1 2 (27) {25, 46]
“*Component 57 [b] 2 2 (28 25, 46}
“Component 6" [c} 3 2 (30) 25, 46}

{a] Predominant isomer with m + n=3. {b] Predominant isomer with m +n=4.
{c} Predominant isomer with m+n=35.

a cyclitol unit (hydroxymethylconduritol residue) and a 4-
amino-4,6-dideoxy-D-glucopyranose  unit  (4-amino-4-
deoxy-D-chinovose residue). This core is linked to a vary-
ing number of glucose residues. The linkage of the individ-
ual elements is an a{l—4)-linkage as in the natural sub-
strates (e.g. amylose, maltose) of the a-glucosidases. In the
cyclitol unit the arrangement of the substituents is stereo-
chemically similar to that in an a-D-glucopyranose unit.

Individual members of this homologous series have
been isolated either in a homogeneous form or in the form
of hardly separable isomer mixtures and been character-
ized in detail (Table 5). The substance investigated most
thoroughly —both with regard to its microbiology®,
chemistry, biochemistry™****7! and pharmacology**7* %%
and to its clinical use”>"®—is component 3 (5). It was
given the test designation BAYg5421 and the generic
name acarbose!*’.

CH,0OH
HO y
o s CHj
HO o HN O
HO™ HoO Ja ¢« GH20H
O O
HO HO x4 CH,CH
O O,

Acarbose (5)

Pseudo-oligosaccharidic a-glucosidase inhibitors were
first detected in culture broths of the Actinoplanes strain
SE 50, Inhibitors of both a-amylase from porcine pan-
creas and of a sucrase preparation from the small intestinal
mucosa of hogs were found. The inhibitory activities of the
culture broths against ¢-amylase or sucrase can vary wide-
ly, depending on the conditions of cultivation.

As can be seen from Table 6, the composition of the car-
bon source of the culture medium is of decisive impor-
tance for the inhibitory activities produced. Media con-

[*] This strain was isolated by 4. Henssen and D. Schéfer, Fachbereich Bo-
tanik, Universitit Marburg (Germany).
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Table 6. Influence of carbon source in the medium on inhibitor production
of the Actinoplanes Strain SE 50 [25],

Carbon source Titer after 4 d

SIU/L AIU/mL — x 1073

U
glycerol 3% 160 100 1.6
galactose 3% 1100 100 11
maltose 3% 5500 1000 5.5
cellobiose 3% 1300 220 6
glycerol 1%+ glucose 2% 2700 120 22
galactose 1% + glucose 2% 2700 120 22
maltose 1% + glucose 2% 6600 200 33
cellobiose 1%+ glucose 2% 2200 105 21

taining glucose and maltose will yield especially high titers
of sucrase inhibition while media containing starch will re-
sult in a very high content of a-amylase inhibitors®®. An
amplification of this trend was achieved by the selection of
suitable natural variants of the SE 50 strain. In a starch-
containing medium, sub-strain SE 50/13 produces amylase
inhibitor titers of around 35000 FIP-AIU/mL and only
very low sucrase inhibitor activities. Strain SE 50/110, on
the other hand, produces sucrase inhibitor titers of around
60 SIU/mL in a maltose-containing medium while produc-
ing an amylase inhibitor titer of only about 760 FIP-AIU/
mL">%,

The diagram in Figure 4 shows how a purified inhibitor
mixture is obtained which consists mainly of such mem-
bers of the homologous series of the general formula (4)
with a very pronounced inhibitory activity against a-amy-
lase. The actinoplanes strain SE 50/13 was cultured in a
starch-containing medium. The preparation obtained by
fractional precipitation of the culture filtrate with metha-
nol and ethanol inhibits a-amylases from human saliva
and pancreas and from hog pancreas to 2 high degree®).
This substance (designated BAY e 4609) served, inter alia,
as a standard preparation for pharmacological®>""! and
clinical” studies. The molecular weight range of this pre-

discard

Fig. 4. Microbiological production of an ¢-amylase inhibitor standard prepa-
ration (BAY e4609) [21, 85].
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Balance
Fermentation of Actingplanes strain SE 50/13 Volume | Al/mL | Total | Yield
3d; culture medium; starch, yeast extract, salts Imt | faccto | act | [%0)
L FLP) | (A3
l Culture broth l 6000 |3.5x10%) 2.1x10%] 100
pH 2.5+ activ.carbon
1510000 rpm
13 ¥
Sediment (mycelium [ Super natant | 5100 | 34x10%] 17x108] 81
+activ. carbon)
pH 6
discard reduction
to /10 of
v Yolume
[ Concentrate [ 500 |32x10°| 16x10°| 76
precipitation
with 08 vol. CH,0H
l 56000 rpm
Sediment ] Supernatant ! 850 | 15x10°| 13x10%] 62
{Starch dextrins}
discard precipitation
r i with 10 vol. C,Hg0H
Sediment 40g | 3x10° 12x108) 57
{o-amylase-inhibitor) Ail/g



paration is determined by the conditions of precipitation
(soluble in 50% CH,OH, precipitable from a mixture of
C,H;0H, CH;0OH and H,O (84:8:8)).

The analysis of the oligomer distribution of this mixture
consisting of oligosaccharides with inhibitory activity and
inert sugars by gel chromatography (using Bio-Gel P-6)?%
resulted in a separation into two fractions with inhibitory
activity with different molecular weight ranges®*46.,

The high-molecular fraction with an estimated molecu-
far weight range of 6000 to 8000 has not been examined
thoroughly yet. Rechromatography on Bio-Gel P-2 of the
low-molecular weight fraction indicated a clear-cut maxi-
mum of inhibitory activity for the elution volume of a mal-
tononaose (molecular weight 1477). This portion was
shown to consist mainly of a mixture of isomers of compo-
nent 7 (cf. (4): (n+n=6)) and component § (m+n=7). In
addition, it contains small amounts of components 3 to 6
(m+n=2, 3, 4, 5)**L By re-chromatography of this frac-
tion, using strongly acidic ion exchangers (Dowex SOW), a
preparation of the inhibitor mixture was obtained which is
largely free from inert carbohydrates and exhibits a spe-
cific activity of 15x 10° FIP-AIU/g. This corresponds to
about a 5-fold enrichment of the initial material
(BAY €4609).

When the crude mixture of this a-amylase inhibitor
(BAY e4609) is subjected to a mild acid hydrolysis with
0.5 N hydrochloric acid at 100°C, a gradual decrease in a-
amylase inhibitory activity occurs in the course of hydroly-
sis which is accompanied by a corresponding increase in
sucrase inhibitory activity® **®8% This sucrase inhibitory
activity reaches its maximum about 45 min after the start
of hydrolysis after which it slowly falls to minimum values
which can be interpreted as a total disintegration of the in-
hibitors. It was shown by thin-layer chromatography and
high-pressure liquid chromatography that with consistent
increase of cleavage of glucose residues the whole homolo-
gous series of inhibitory components is passed throught***!
in the course of hydrolysis. A solution with a high sucrase-
inhibiting and minimal a-amylase-inhibiting activity ob-
tained after one hour of hydrolysis has been studied close-
IyteL

A separation of the components with inhibitory activity
from the other products of hydrolysis (mainly glucose and
maltose) was achieved by adsorption on activated carbon
and fractional desorption with increasing concentrations
of ethanol. Four different pure components (1—4: compo-
nent 1 from fraction 1, component 2 from fraction 2, etc.)
were obtained by means of partition chromatography us-
ing cellulose (cf. Fig. 5) and after further purification by
gel chromatography using Sephadex G-15. The individual
components showed different inhibitory effects against su-
crase, that of component 1 being very weak. Components
2—4 can—as is shown in Figure 6 by the example of com-
ponent 3 (acarbose (5))—be converted into the component
one unit smaller by further acid hydrolysis, i.e. cleavage of
one additional glucose residue. The end product of acid
hydrolysis, component 1 (8), cannot be transformed further
under these conditions!?*4¢7),

The complete acid hydrolysis of 100 g of the crude pre-
paration BAY 4609 will yield about 500 mg of component
1 (8). The yield of higher components produced after in-
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Fractions
t 2 3 4
=

50 1“\}) u\ol °\f\o\

50 100 150
Fraction No. —»

Fig. 5. Chromatography (on cellulose) of a hydrolyzate of the a-amylase in-
hibitor preparation BAY e4609 {46]. Solvent: pyridine/ethyl acetate/acetic
acid/water (36/36/7/21); column: 1.6 x 185 cm; flow rate: 25 mL/h; frac-
tions of 8 mL. Ordinate: Percentage of sucrase inhibition by 10 pl of each
fraction.

CH,0H
HO
Ho OH CHy
HN (o]
HO
CH,OH
Component 3 (5] o o 20
{Acarbose) HOVEN  cHom
O l¢]
CH,OH ® HO
HO "0 OH ™Mom
HO
OH CH,
HN — 0\
Component 2 {6} HO OH CH,OH
o o
HM
OH O
+ CH,O0H
CH,OH o HO 5
/ “OT\E 3 HOMT
HO OH
CH
oH HN jo
HX\
OH™M o
+ CH,OH
. o}
Pseudodisaccharide (7} HOHo
CHaOH
HO + H,0
0 O N
ent 1
Compon (8} '
CH3
oH

Fig. 6. Acid hydrolysis of component 3 (acarbose) (5] {46].

complete hydrolysis is within the same range™®. Compo-
nent 1 (8) is a tricyclic compound, whose structure was de-
termined by degradation reactions, derivatization and
spectroscopic analysis®*®’>7%. (8) is formed in the follow-
ing way: after one glucose residue is split off from compo-
nent 2 (6}, the amino sugar (7) released is not stable in the
pyranose form. It is well known that 4-aminopyranoses
such as (7) undergo a rearrangement to a pyrrolidine form
and readily split off water in acid solution (Fig. 7). The un-
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CHaOH CHoOn
HO N CHs HO
HO
O % HO—YHO N
— HO\OH
(7) wo o OH CHOM
(9) CHs
OH
GH0H CHZ0H
+ HCI
- H0 HO » - HCI HO
Ho—>HO a‘ HO O N
OH
(19) o CHOH (8 ‘-rcnoﬂ
CH3 ]
o CHa
OH

Fig. 7. Conversion of the unstable pseudodisaccharide (7) into a pyrrolidine
derivative (9) and its dehydration to component 1 (8).

saturated compound (70) is stabilized by the addition of an
adjacent hydroxyl group of the cyclitol unit to the C=N
double bond. The non-crystalline tricyclic product of con-
densation (8) is very easily reduced with NaBH,. As a re-

sult, the 1,3-oxazolidine ring opens (Fig. 8). The resulting
CHa
P Ho% . ™ :
HO @ (13
On

CH0H GHZOH
R
HO— Q. HO— HO~N,

. XOoH

'CHOH 'CHOH
[¥:2] (‘:H3 {m éﬂa

OH OH

]
-CH
HO (12)
Validatol

Fig. 8. Reduction of component 1 (8} with NaBH, to an aminocyclitol (11)
and its catalytic hydrogenation’?.

aminocyclitol (11} is ineffective against a-amylase and su-
crase although the cyclitol unit of the molecule has re-
mained unchanged compared to the highly active compo-
nents 2—6 of the homologous series. This means that the
unsaturated hydroxymethylconduritol unit alone will not
produce the desired inhibitory effect. The product (11} ob-
tained by NaBH,-reduction can be split into the cyclitol
unit and the pyrrolidine unit by hydrogenolysis at a pla-
tinum contact. The main products thus obtained are vali-
datol (12)®1 and the derivative (13)7?\. Validatol (12) was
also obtained by degrading the antibiotic validamycin A
(14)181,82].

CH,O0H CH,0H
HO H
HO"yo nNm HO~Ho Nu
CH,OH CH,OH
o OH
HO HO XOXHZ’OH HO HO
(14 HOL ON-OH (15)

Neither validamycin A (14) nor validoxylamine A (15)%
inhibit a-amylase or sucrase, although, as constituents of
the molecule, they contain the unsaturated hydroxymethyl-
conduritol unit. Valienamine (16)®¥ obtained by the micro-
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bial degradation of validamycin A (74) with Pseudomonas
maltophila proved to be a weak inhibitor of sucrase!”!l"L

CH,OH
HO (16
HO—"go Nu,

By selecting suitable strains and optimizing culture con-
ditions the individual components of the homologous se-
ries of pseudo-oligosaccharidic a-glucosidase inhibitors
can be obtained much more easily and in higher quanti-
ties®>8%-8 than by the acid hydrolysis of the preparation
BAY e 4609 described above. The use of glucose or maltose
in the culture medium of the Actinoplanes strain SE 50/
110®¢ will result in high sucrase inhibitor titers in the cul-
ture broths from which the inhibitors can be adsorbed by
activated carbon.

Desorption with successively increasing concentrations
of ethanol led to a crude preparation which was purified
further by ion-exchange chromatography™® (Fig. 9). Frac-

ractions
1004 Fraction:

A B C
Hb—i—
1

200-1

100

60 70 80
Fraction No. ——»

Fig. 9. lon exchange chromatography of a crude sucrase-inhibitor prepara-
tion of the strain SE 50/110 {46]. Dowex 50 W x 4H® (200—400 mesh); co-
lumn: 0.9 x 60 cm; elution with 10N HCl up to fraction No. 20; then linear
gradient with increasing NaCl concentrations in 103~ HCI; flow rate: 30
mL/h, fractions of 7.5 mL; Left ordinate: SIU/mL (---); Right ordinate:
NaCl concentration (M) (——).

tions C to E are partly identical with components 2—4 (ob-
tained by acid hydrolysis of BAY e 4609). The main frac-
tion, approximately 80% of the sucrase inhibitors obtained
from this fermentation (Fraction D, Fig. 9), proved to be
identical] with component 3 (acarbose) (5). The yield of
acarbose from fermentation was around 600 mg/L of cul-
ture broth. Fraction E was found to have one glucose unit
less and identified as component 2. Fraction C has the
same composition as component 4 and fractions A and B
contain isomeric mixtures of the higher components 6 and
S.

Further information about the constituents essential for
o-glucosidase inhibition in acarbose and in the other com-
ponents was provided by hydrogenolysis with Pt/H,, dur-
ing which the cyclitol residue can be removed by cleaving
the C—N bond in allyl position to the double bond with-
out changing the remaining molecule”. The basic trisac-

[*] For inhibition of other a-glucosidases see [84b].
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OH OH
CH3
HoN o
HO "1 CHZ0H
(o)
HO HO CH20H
Al
{17) HO Mo

Fig. 10. Hydrogenolytic cleavage of the basic trisaccharide (17) during the ca-
talytic hydrogenation of acarbose (5) [73].

charide obtained in this way (77)""! has no inhibitory activ-
ity against a-amylase or sucrase, which means that the am-
ino sugar alone is not essential for the inhibitory effect. As
previously mentioned, the unsaturated cyclitol residue
alone does not suffice for the inhibitory effect, either.
This leads us to the conclusion that the pseudodisac-
charide unit composed of both constituents is essential for
the effect. The splitting of the C-—N bond in allyl position
to the double bond is only one, though preferred, possibil-
ity of molecular reaction. The two C—O bonds in allyl po-
sition to the double bond are easy to split by hydrogenoly-
sis, too (Fig. 11). Moreover, the double bond is saturated

HO HO
- 191 D~gl
L-ido 118) Hom ”m 119} B-gluco

HO HO

Fig. 11. Possible reactions of acarbose (5) during catalytic hydrogenation
with maintenance of the pseudotetrasaccharide structure [73].

during hydrogenation. This will result in the formation of
two diastereomeric products with an L-ido (18) or D-gluco-
configuration (19). Since there may be several of these
reactions at the same time, it is easy to imagine how com-

CHa
HoN 0,

HO 0, ;‘% CHOH
Pr/H, % °
Component4 ——— HO~ HO HO

(24) {17}

Fig. 13. Catalytic hydrogenation of component 4 [73].

plex a product mixture is obtained by catalytic hydrogena-
tion of acarbose {5). The hydrogenation mixture was first
separated into basic and non-basic constituents by frac-
tionation on cation exchangers in the H® form. Each of
the two main fractions was then purified further by chro-
matography.

[*] (17} was acetylated, split into the three monosaccharide constituents by
acetolysis and thus correlated to known compounds {73].
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The basic reaction products (Fig. 12) isolated were, apart
from the ineffective trisaccharide (17) mentioned, two
products showing a pseudotetrasaccharide structure which
had resulted from simple saturation of the double bond in
the cyclitol unit. The compound (20) with an L-ido-confi-
guration in the cyclitol unit had no inhibitory effect
against either a-amylase or sucrase any more, while the
other compound with a D-gluco-configuration in the cycli-
tol unit was ineffective against a-amylase but had a very
pronounced effect on sucrase. A further product of hydro-
genation (22) in which the primary hydroxyl group of the
cyclitol residue had been additionally removed by reduc-
tion had no inhibitory effect on either of the enzymes.

oy CHOH  CHOH
Q. [0

o oA N Agn pon 117
OH OH OH

CHaOH CHy CHOH CHZOH
* Q Q O
NO@\S QH INoAMH o AQH fon 120)and (27)
OH OH OH OH
CHz CHg CHOH  CHOM
o Q )
m@\: OH PN ADH NG ADH f~0H 122)
OH OH oH OH

Fig. 12. Basic reaction products of the catalytic hydrogenation of acarbose (5}
731

Consequently, the double bond in the cyclitol unit is—
quantitatively—important for the effect. The non-basic
products were examined by thin-layer chromatography
and found to be derivatives of the cyclitol.

Validatol (12) and 7-deoxyvalidatol®" (23) were isolated
and identified”>.

HO
HO

HO

The higher components were also subjected to hydroge-
nolysis in the form described. As can be seen in Figure 13,

HoN o,
CHzOH
HO ™~ HO O,
0, CH;
CHOH
RO CHOB
bl + % + e 3
HO— o o
"o s HO™ HO oH
{12) (25)

‘“‘component 4> yields mainly validatol glucoside (24) in
addition to the basic trisaccharide (17) mentioned. How-
ever, validatol (12) and a basic tetrasaccharide (25)4 are
also obtained. Component 4 thus consists of two isomers
(26) and (27). The isomer with the terminal cyclitol residue
(26) constitutes only a small proportion. A separation of
both isomers was achieved using strongly acidic ion ex-
changers.
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CHZOH CH,0H CHZOH CHZOH
o,
OH
OH
(26)
CHZOH CH,OH CH, CHZOH caon
e}
OH
(2 7)

Both have inhibitory activity against a-amylase and su-
crase, isomer (26) being slightly more effective. Compo-
nents S5 and 6 (cf. Table 4) were also found to be isomer
mixtures. When the main isomer (28) of component 5 is
subjected to hydrogenolysis, validatol maltoside (29) and
the basic trisaccharide (17) are formed (cf. Fig. 14).

to their inhibitory activities against o-

cine pancreas and sucrase from hog s
16).

amylase from por-
mall intestine (Fig.

CHzOH
Q
oH
; oH N AoH
oH OH
CHyOH
)
O [o]
HO™HO 4, 0.
% Yoy
(29 HO-HO 1171

CH,0H CHZ0H CHa CH,OH
0 0 o
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H_f oA -0 @ N OH N A OH
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m n
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° /.
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saccharase- a-amylase-
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e % \
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,—."‘—
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Component 2 3 5 6 7 8

Fig. 14. Catalytic hydrogenation of the predominant isomer (28} of compo-
nent 5 [73].

These data relating to the constitution of individual
members of the homologous series of pseudo-oligosac-
charidic a-glucosidase inhibitors of the general formula (4)
have been confirmed and extended by reactions of enzyme
degradation using B-amylase which is inhibited by the in-
dividual components to a much lesser degree than other a-
glucosidases. As is shown in Figure 15, a maltose residue is
split off from each of the two main isomers (28} and (30) of
the isomer mixtures contained in components S and 6. Fur-
ther products of reaction are component 3 (acarbose) (5)
and the component 4 isomer (27).

6. Inhibitory Spectrum of Acarbose and of
Homeologous Pseudo-oligosaccharides

The individual components of the homologous series de-
scribed in detail in the previous Section differ with regard

Fig. 16. Relative inhibition of sucrase and a-amylase by “components 28"
{43].

The highest specific inhibitory activity against a-amy-
lase is exhibited by a component 6 preparation with mini-
mum inhibitor activity against sucrase. (The inhibition of
a-amylase by the component 6 preparation is linear up to
70%. By extrapolation the amount of inhibitor for the 100%
inhibition can be determined and a 1:1 stoichiometric re-
lationship between enzyme and inhibitor is estimated.)

The inhibitory activity against a-amylase decreases with
the higher components, while component 3 (acarbose) (5)
shows maximum inhibitory activity against sucrase (Fig.
16). Table 7 lists the inhibitory activities of different com-
ponents against a-amylase from porcine pancreas and the
intestinal oligo- and disaccharidases from hog small intes-
tine. As a measure of inhibitory activity, that amount of in-
hibitor is given which produces a 50% inhibition under test
conditions. From Table 7 it is obvious that component 3

CHZOH  CHOH  CHZOH CHa CHOH  CH20H CHgOH CHy CHOH  CHOH
AP AT ISR LS S S
e oH N, & o o u OH NoAGH N ADH )0
OH OoH OH OH OH OH OH OH OH
(28) (1) {5)
oH CHOH  CHOM CHg cuzon CHOH  CH,OH Chy CHpOH  CHgOH

OH

Fig. 15. Enzymatic hydrolysis of component 5 (predominant isomer (28)) and component 6 (predominant isomer (30)) using B-amylase (sweet potato) [46).
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Angew. Chem. Int. Ed. Engl. 20, 744-761 (1981)

G > m@}@@"@“ >

1)

OH

OH

(27)

OH

OH

753



Table 7. Amounts (in ng) of acarbose (5} and homologues of the general formula (4} [45) necessary for inhibition (IDs, [a]) of the activity of intestinal u-glucosides
in vitro [b].

Component No. of Maltase Isomaltase “Dextrinase” Glucoamylase o-Amylase Sucrase
glucose 10 mU [¢] 10 mU 29 mU 10 mU 100 mU 10 mU
residues
m-+nin(4)

2 1 100 43500 205 83 855 500

3 (acarbose) b 15 42000 64 93 680 74

4 3 80 54500 93 39 1135 455

5 4 236 > 100000 100 110 4.7 700

6 5 1000 > 100000 93 410 2.8 700

BAY e 4609 7-30 8250 > 100000 810 8000 14.5 60000

[a] Amount of inhibitor in ng per test, required for 50% inhibition. [b] Assays for glucose-releasing enzymes: Pre-incubate 0.01 ml inthibitor solution in multiple di-
lutions with 0.1 mL enzyme preparation for 10 minutes, incubate with 0.1 mL substrate solution, stop with 1 mL glucose debydrogenase reagent in 0.5 tris-buffer,
develop for 30 min for determination of glucose and determine absorption at 340 nm. Substrate solutions and incubation periods: 0.4M sucrose for 20 min, 50 mM
maltose for 10 min, 40 mm isomaltose for 10 min, 5% soluble starch for 20 min. Assay for destrinase: Pre-incubate 0.01 m] inhibitor solution in multiple dilutions
with 0.1 m] enzyme preparation for 10 minutes, incubate with 0.1 mL 5% limit dextrin solution for 20 minutes, mix with 0.5 mL dinitrosalicylic acid reagent (33],
heat to 95°C for 5 min, dilute with 1.5 mL water and determine absorption at 540 nm. Assay for a-amylase: Pre-incubate 0.01 mL inhibitor solution in multiple di-
Tutions with 0.2 mL enzyme preparation (c-amylase from hog pancreas) for 10 min, incubate with 0.2 mL 5% starch solution for 5§ min, mix with 0.5 mL dinitrosali-
cylic acid reagent [33], heat to 95°C for 5 min, dilute with 2.5 mL water and determine absorption at 540 nm. [¢] 1 U is that amount of enzyme which converts 1
umol of substrate per min under standard conditions. 1 U= 16.67 nkat.

Table 9. Concentrations of acarbose (5) required for a 50% inhibition of var-
ious a-glucosidases [87].

(acarbose) (5) has the highest specific inhibitory activity
also against the other a-glucosidases located in the wall of
the small intestine. The isomaltase activity of the enzyme Enzyme Origin
preparation from the small intestine of hogs is inhibited to

Concentration
of inhibitor

. . /mL
a very small degree by the lower components (in compari- [ug/mL]
son with nojirimycin and 1-deoxynojirimycin (see Section a-Amylase “Bacterial saccharifying” 0.3
8, Table 10)) and practically not at all by the higher com- A?::;“g;;;’ls"g;‘y"zf:’e‘“g 1;3'(9)
ponents. However, the activity of the enzyme preparation Porcine pancreas 38
referred to as “*dextrinase” (substrate: glycogen degraded Barley malt 835
to limit dextri by o lase from i nereas) i Glucoamylase Aspergillus niger 0.04
O hiumit dexirins by G-amylase Irom porcine pancre S) 18 a-Glucosidase Saccharomyces sp. 70.0

inhibited to a high degree.
A number of bacterial, fungal and plant enzymes (cf. Ta-
ble 8) were tested for inhibition by acarbose (5)®7. Table 8

factor of three in the inhibitory activity against sucrase was
found, but none of the derivatives offered any convincing
advantages over acarbose!’?!—especially when considering
their costly production.

Table 8. Inhibitory spectrum of acarbose (5) for enzymes from bacteria, fungi
and plants [87].

Enzyme QOrigin Substrate Inhibition
[a]
" 7. Further Pseudo-oligosaccharadic a-Amylase

a-amylase B. subtilis + .
a-amylase A. oryzae + Inhibitors
pamyisse “owest potata” seh

Y P A short time ago microbial a-amylase inhibitors became
g-amylase B. polymyxa - . ) -
glucoamylase A. niger + known from the patent literature which are obviously also
invertase Saccharomyces sp. sucrose - members of a homologous series and assumed to have the
a-glucosidase maltose + " s . .
8-glucosidase almonds cellobiose  — same ‘“‘core” as the pseudo-oligosaccharides (acarbose se-
B-galactosidase Saccharomyces fragilis lactose - ries) (Section 5). Three basic amino sugar derivatives were

1, i, — . .

dextran sucrase Leuc oides  sucrose isolated from culture broths of Streptomyces dimorphogenes
pullulanase Aerobacter aerogenes pullulan — A
isoamylase Cytophaga sp. glycogen  — NR-320-OM7HB and NR-320-OM7HBS. These deriva-
cyclodextrin- B. macerans starch + tives, which were separable by high-pressure liquid chro-

glucosyl! transferase

matography, were called trestatins A (31), B (32) and C"%.
Their molecular weights as determined by osmometry are
1470, 975 and 1890, respectively. The structures proposed

fa] Inhibition: +, no inhibition: —.

indicates that a-amylases from Bacillus subtilis and Asper-
gillus oryzea and glucoamylase from Aspergillus niger and
a-glucosidase from yeast (Saccharomyces sp.) are inhibited.
As can be seen from Table 9 glucoamylase of Aspergillus
origin is the most sensitive of all enzymes tested in this
study®”., Furthermore, cyclodextrin-glucosyl-transferase is
inhibited, while muscle phosphorylase is not affected®”.
By reacting the reducing glucose unit of acarbose (5) a
number of semisynthetic glycoside derivatives were pro-
duced and tested . In a few cases an increase of up to a
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for trestatins A and B on the basis of spectroscopic analy-
sis on the one hand and examinations of products of hy-
drolysis (4N HCI, 3 h at 80°C) on the other are shown in
Figure 17.

The products of hydrolysis of the three trestatins are glu-
cose and an amine (pK,=3.9) of the empirical formula
C,3H,NO,"l. All three trestatins have one trehalose resi-
due as a common structural characteristic. Trestatin A (31)

{*] “Component 1" (8) has the same molecular formula.
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CH, OH CH, CH, OH CH, OH CH, CH, OH CH, OH CH, OH oH
C, 0, O, 0, Q,
N \OH o’ \OH o Q n/\OR OH OH o \oH o \HOH:C
H H o—VOoH
OH OH OH OoH QH OH oM OH
;—V—_‘

Trestatin A (31)

CH, OM

—_——N—
CH, OH CH, CH, OH O CH, OH OH
6 o] o] 0O O,
OH OH OH HOM,C,
o/ o o
OH CH OH o OH

Trestatin B (32)

Fig. 17. Proposed structures of trestatins A (31) and B (32) [70].

contains two and trestatin C three pseudodisaccharide re-
sidues per molecule. Both show relatively high specific in-
hibitor activity against pancreatic a-amylase from hog
(7.1x 107 IU/g and 4.9 x 107 1U/g, respectively)'". Tresta-
tin B (32) has only one pseudodisaccharide residue per
molecule and a lower specific activity of 1.5x 10° 1U/
gl

In a patent application'®® inhibitors of a-glucosidase are
described which are also members of a homologous series
of the general formula (33). The microorganisms produc-
ing these inhibitors are said to be strains of the genus
Streptomyces (e.g. A 2396)%®. The only structural differ-
ence from the acarbose series of the general formula (4) is
that the 4-amino-4,6-dideoxyglucose residue is replaced by
a 4-amino-4-deoxyglucose residue. In the patent applica-
tion mentioned above™ amino sugars of the general for-
mula (33) withm=0to 8, n=1to 8 are claimed, m+n hav-
ing a value of 1 to 8. The structure of these inhibitors was
derived mainly from spectroscopic data. The higher com-
pounds of the homologous series are more effective
against a-amylase than the lower ones. Furthermore, inhi-
bitory action on sucrase and maltase is mentioned.

CH,OH\ CH,0H CH,OH [ CH,OH
O Q O
H o{j ?—}o@—g O{&OH (33)
OH HO/, OHHO :)H;I{;{ OH HO/,

Murao et al.®'~** carried out detailed investigations on a
pseudo-oligosaccharidic a-amylase inhibitor (amylostatin,
S-Al) isolated from culture broths of Streptomyces diastati-
cus subsp. amylostaticus No. 2476. Its structure has not yet
been completely identified, but shows a striking similarity
to members of the homologous acarbose series of the gen-
eral formula (4). This inhibitor was isolated by chromato-
graphy followed by purification via an enzyme-inhibitor
complex with “bacterial liquefying a-amylase” (BLA)PZ,
A molecular weight of about 1500 was determined. S-Al
(34) is called a *“‘substrate analog inhibitor”™, Its inhibi-
tory spectrum covers not only human salivary amylase and
pancreatic amylase from hogs but also a number of bacte-
rial and fungal a-amylases. Moreover, Rhizopus niveus glu-
coamylase and malt a-amylase are inhibited, while mam-
malian intestinal sucrase, f-amylase of piant origin and a

{*] Because of different test conditions these values are not comparable with
those stated in Section 5.
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Trehalose residue

number of microbial a-glucosidases are not. S-Al (34) has
a reducing terminal glucose residue and five more glucose
residues connected by 1,4-glucosidic linkages. Two mal-
tose residues can be split off with B-amylase. The remain-
ing molecule was named *‘glucosyl-S-Al-X-glucose 3. A
further derivative, S-AI-XG? (molecular weight approxi-
mately 500) was obtained from S-Al (34) by enzymatic
and/or chemical methods. This derivative consists of that
part of the molecule containing nitrogen and a reducing
glucose residue. Figure 18 shows a schematic attempt at
representing the structure®™ of S-Al (34), according to
which the active center of BLA interacts with 8—10 glu-
cose residues and the catalytic center of the enzyme ““fits”
the unknown part of the molecule S-Al-X of S-Al (34)
which is obviously essential to the inhibitory effect.

Attacl; by
B-amylase S-AT-x
a—14 a-14 a-14 «-14
Inhibitor §-Al O—QO—O—COC—0O- __@
(34) gii;alytic
" A
Enzyme BLA
substrate " 1 1 P) I 3 4 I 5 6 L 7 8
-
eNncijn-redumng (;:gucmg

Fig. 18. Structure suggested for the microbial a-amylase inhibitor S-AI (34)
and postulated binding mechanism between S-Al and “bacterial liquifing
amylase (BLA)” according to Murao and Ohyama {53] (@ : reducing glucose
residue).

Additional N-containing oligosaccharidic a-amylase in-
hibitors, TAI-A and TAI-B, were isolated from culture
broths of Streptomyces calvus TM-521%, These inhibitors
have a molecular weight of 950 to 1050 and 650 to 700, re-
spectively, and contain two or several glucose residues
and, as a basic residue, probably an amino sugar unit.
TAI-A and TAI-B differ from the compounds of the ho-
mologous acarbose series of the general formula (4) by the
absence of methyl groups. Their inhibitory spectrum cov-
ers human salivary amylase, porcine pancreatic amylase,
Rhizopus niveus glucoamylase, Taka amylase!™” (only TAI-
A) and “bacterial saccharifying a-amylase’ but not BLA.

A glucoamylase and a-amylase inhibitor, NCGAI, was
isolated from culture broths of Streptomyces sp. No. 334
Its molecular weight is approximately 600 and it is as-
sumed to consist mainly of glucose residues. NCGAI exhi-
bits a pronounced inhibitory effect on glucoamylase while
inhibiting pancreatic amylase and BLA to a lesser de-
gree.

A short while ago a patent application became
known!’?! in which three a-glucosidase inhibitors (isolated
from Streptomyces myxogenes SF-1130, ATCC 31305) of
the general formula (34a) are described. They are said to
be weakly basic oligosaccharides. Apart from their inhibi-
tory activity against mammalian intestinal a-glucosidase
and sucrase, these substances are referred to as antibiotics

[*] Taka amylase is a commercially available crude product from cultures of
A. oryzae which degrades starch to glucose.
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SF-1130-X,, -X, and -X,. SF-1130-X; (molecular weight
ca. 830) is a particularly potent inhibitor of o-glucosi-
dase.

CH,OH
CH,O0H OH CH, CH,0H
0 's! Q
o) N o) OH (34a)
HO HO/ HO OHHO H HO HO |
m

Antibioticum SF-1130-X;, m + n =5
Antibioticum SF-1130-X,, m + n =4
Antibioticum SF-1130-X3, m = o, n =3

8. Nojirimycin and 1-Deoxynojirimycin

Nojirimycin (35) was first described as an antibiotic pro-
duced by Streptomyces roseochromogenes R-468 and Strep-
tomyces lavendulae-SF-4250%581,

CH,O0H CH,0H
N~ N-H
HO HO
(35) (36)
HO HO
HO HO

OH

1-Deoxynojirimycin (36) was obtained from (35) by cata-
lytic hydrogenation at the platinum contact or by reduc-
tion with NaBH,P*>®., There are also fully synthetic ways
to prepare nojirimycin®®® and 1-deoxynojirimycin®®’. Later
(35) was found to be a potent inhibitor of B-glucosidases
(emulsin, fungal B-glucosidases)®®%. (36) is a much
weaker inhibitor of emulsin than (35)°L (35) also inhibits
microbial a-glucosidases, but to a much lesser degree than
B-glucosidases®® %%,

A screening for inhibitors of intestinal mammalian a-
glucosidases reveals that (35) and (36) are also produced by
many strains of the genus Bacillus'**>%, After 4- to 6-day
fermentation in nutrient solutions usually containing
starch or maltose, culture filtrates with relatively high titers
of sucrase inhibitor units were obtained from the strains B.
amyloliquefaciens (DSM T), B. polymyxa (DSM 365), B.
subtilis (DSM 704)™) and B. subtilis var. niger (DSM 675).
The inhibitors were bound to strongly acidic cation ex-
changers (H® form) and subsequently eluted with aqueous
ammonia. They were purified further by chromatography
using CM-cellulose and gei-filtration using Sephadex LH-
20. From the concentrated fractions with inhibitory activi-
ty, (36) crystallized in the form of colorless scales (m.p.
206 °C). (36) was also isolated from mulberry tree leaves®”
and called moranoline. Later {36) was also obtained by fer-
mentation of the Streptomyces lavendulae strains SEN-
1582 and subsp. trehalostaticus No. 2882, (35) and (36)
were found to be potent inhibitors of intestinal oligo- and
disaccharidases of mammals (Table 10)/**. Pancreatic a-
amylase is practically not inhibited. It was recently discov-
ered that (36) is also a potent inhibitor of trehalases (rabbit

[*] This strain was isolated by U. Heber, Botanisches Institut, Universitdt
Disseldorf (Germany).
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Table 10. Molar concentrations of nojirimycin (35} and 1-deoxynejirimycin
(36) required for a 50% inhibition of intestinal a-glucosidases [44].

Inhibitor Sucrase Maitase Isomaltase Gluco-
amylase
Nojirimycin 56x1077M  1.7x107°M 25x1077M 76x107'M
1-Deoxyno- 22x107'M 13x107'M 13x107'M 9.6x10°%m
jirimycin

mU Enzyme in

0.21 mL incub-

ation volume

at 37°C 111 1.8 11.5 10.1

Assays: Pre-incubate 0.01 mL inhibitor solution in multiple dilutions with 0.1
mL enzyme preparation for 10 min, incubate with 0.1 mL substrate solution,
stop with 1 mL glucose dehydrogenase reagent in 0.5m tris-buffer, develop
during 30 min for determination of glucose and determine absorption at 340
nm. Substrate solutions and incubation periods: 0.4M sucrose for 20 min, 50
mm maltose for 10 min, 40 mm isomaltose for 10 min, 5% soluble starch for
20 min. Nojirimycin is released from the bisulfite adduct using barium hy-
droxide, determined quantitatively using glucose dehydrogenase reagent and
used immediately for the inhibition test.

and Chaetomium aureum MS-27) and of Rhizopus niveus
glucoamylase and exo-B-1—3-glucanase (Penicillium)'**..

9. Carbohydrate-Containing Polypeptides as
Inhibitors of a~Amylase

Ueda et al. obtained carbohydrate-containing, peptide-
like substances from culture broths of Streptomyces sp. No.
280, a variant form of Streptomyces flavochromogenes.
These crude substances were found to inhibit quite a num-
ber of a-glucosidases, glucosyl transferases and phospho-
rylases (cf. Table 11)*"*% By combining several methods
of separation (paper chromatography, paper electrophore-
sis) it was possible to isolate four homogeneous glycopep-
tide fractions A, B, B’ and C™. The carbohydrate portion
consists mainly of glucose and the molecular weights range
from 1300 (for C) to 4000. In a purified form the inhibitors
had different activities against the enzymes listed in Table
1149,

Recently the authors were able to show that the carbo-
hydrates contained in the inhibitors are degraded enzyma-
tically by Streptomyces amylase in the course of culturing
the organism (in a medium containing 3% oatmeal)>®. An
additional proteolysis during fermentation cannot be ex-
cluded. An amylase preparation was isolated from the in-
hibitor-producing strain and used for degradation experi-
ments with a crude inhibitor obtained after fermentation
for 24 hours (probably glycopeptide fraction A, molecular

Table 11. Enzymes which are inhibited by a crude a-glucosidase inhibitor
preparation of Streptomyces flavochromogenes [47-50}.

Enzyme Inhibition
Glucoamylase (Rhizopus) strong
o-Amylase (saliva, human) strong
o-Amylase (pancreas, human) strong
o-Amylase (Bacillus) weak
a-Amylase (Bacillus, “bacterial saccharogenic™) strong
a-Amylase (Aspergillus) weak
o-Glucosidase (sucrase, intestinal mucosa of rat) strong
a-D-Glucosidase (mucor) strong
a-D-Glucosidase (yeast) strong
Cycloamylose glucosyltransferase strong
Phosphorylase A (rabbit muscle) strong

Phosphorylase (potato) strong

Angew. Chem. Int. Ed. Engl. 20, 744-761 (1981)



weight approximately 4000). The products of hydrolysis
were mainly maltose besides traces of maltotriose and glu-
cose. The inhibitory activity of the resulting “‘residual inhi-
bitors™” remained practically unchanged against Rhizopus
glucoamylase while slightly decreasing against amylase
from hog pancreas and sucrase from rat small intestine.
The inhibitory activity against phosphorylase A from rab-
bit muscle was lost almost completely. This effect thus ap-
pears to be dependent to a high degree on the chain length
of the carbohydrate unit. Amylase from porcine pancreas
and Taka-amylase showed a similar degrading effect on
the inhibitor as Streptomyces amylase. The above-men-
tioned glycopeptide inhibitors A, B, B’ and C must there-
fore be regarded as multiple forms of a native inhibitor
formed by bioconversion.

In a patent application!® a glycopeptide obtained from
culture broths of Streptomyces calidus DS 26320 and hav-
ing a molecular weight between 10000 and 20000 is de-
scribed. This preparation inhibits pancreatic amylase and
the sucrase and maltase activities of an enzyme prepara-
tion from rat small intestine. Acid hydrolysis yields lysine
and monosaccharides consisting mainly of glucose.

10. Protein Inhibitors

An inhibitor of mammalian a-amylases (HOE 467), an
oligopeptide having a molecular weight of approximately
7400, was isolated from the culture broths of Strepromyces
tendae'®>*"™. The inhibition of a-amylase is irreversible.
The only lysine residue in the molecule is possibly part of
the active center of the inhibitor. Later, the inhibitor was
separated into two fractions (A and B) and the amino acid
sequence of the fraction HOE467 A was elucidated’®®.

Two further very similar protein inhibitors free from car-
bohydrates and of a molecular weight of approximately
8500, Haim I and II'"! were isolated from culture broths of
Streptomyces griseosporeus (probable identity) YM-
2571-721. they were isolated by precipitation with ammon-
ium sulfate and subsequent chromatography. The inhibi-
tors show about the same specific activity against a-amy-
lase from porcine pancreas. They differ electrophoretically
and in their isoelectric points (pH 4.0 and 3.8, respective-
ly). In addition, pancreatic amylases from other species
and human salivary amylase are inhibited, while microbial
and plant glucosidases are not. The inhibition of amylase
from porcine pancreas is linear up to 80% inhibition. There
is no complete inhibition. By extrapolation to 100% inhibi-
tion a molar ratio of enzyme to inhibitor of 1:1 is found.
The mechanism of inhibition is explained by a protein-
protein interaction, a linkage near to the active center of
the a-amylase being assumed. Both inhibitors have a simi-
lar arrangement of amino acids and a high content of as-
partic acid (15.4 and 15.0 mol %, respectively) and alanine
(12.8 and 12.5 mol %, respectively). They contain neither
lysine nor methionine.

An o-amylase inhibitor was obtained from culture fil-
trates of Streptomyces fradiae (FERM-P 2303) by precipita-
tion with ammonium sulfate and subsequent chromatogra-

{*] Haim=hog pancreatic a-amylase inhibitor of microbes.
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phy?®*L This preparation designated as X-2 has a molecular
weight of approximately 6500 and is a carbohydrate-free
acidic polypeptide with N-terminal aspartic acid (or aspa-
ragine).

11. Mechanism of Inhibition of Sucrase by
Acarbose, Nojirimycin and 1-Deoxynojirimycin

The most thorough investigations into the inhibition
mechanism of a-glucosidase by microbial inhibitors have
so far been carried out by Semenza et al.®® on the isolated
sucrase-isomaltase complex from rabbit small intestine!®.
Acarbose (5) inhibits the sucrase activity of disaccharidase
preparations from the small intestine of various species by
a fully competitive mechanism®®*8-°%°'L The inhibitor
constants (K; values) listed in Table 12 range, depending
on the species, between 107° and 1077 mol/L. The K;-
value of component 2 (6) is 7.0 x 107 mol/L (sucrase from
porcine pancreas; method: “Dixon plot™).

Table 12. Sucrase inhibitor constants (K;) of acarbose (5); substrate: su-
crose.

Origin of K. K pH Method Ref.
intestinal fmol/L] {mol/L]

disaccharidase

preparation

Man 1.9x107% 13x10°° 6 } “Dixon {90, 91}

Hog 19x10-2 26x1077 6.25 - 23]

Rat ~4x 1077 plot 1]

Rabbit [a} 8§x 1073 47x1077 68 “Henderson  [88)
plot”

[a] K, value according to [92, 93].

Nojirimycin (35) and 1-deoxynojirimycin (36) are also
fully competitive inhibitors of sucrase. Their K;-values (en-
zyme preparations from rabbit; method: “Henderson
plots” (“steady state” rates)) are 1.3x 1077 mol/L and
3.2 x 10~® mol/L, respectively, at pH 6.8, the optimum of
sucrase activity®®. Consequently, these four substances
can be regarded as the, so far, most potent unusually tight-
binding sucrase inhibitors. Their affinity for the enzyme is
5 to 6 orders of magnitude greater than that of the sub-
strate sucrose (K, : approximately 8.0 x 103 mol/LP%%),

According to thorough kinetic studies®® the reaction of
(5), (35} and (36) with the enzyme is slow: the steady state
is reached within five minutes. In view of the structure of
these inhibitors and the pH-dependence of their K;-values,
an interaction with the active center of the sucrase sub-unit
can be assumed which would confirm the mechanism of
action of sucrase suggested by Cogoli and Semenza®?. The
individual steps of the effect of sucrase are shown schema-
tically in Figure 19. In simplified terms we can say that in a
first step (A) the substrate molecule which consists of a
glucose and a fructose residue is bound by the active cen-
ter of the enzyme and the glucose pyranose ring is de-
formed. In a second step (B and C) the glucosidic oxygen
function in the l-position is protonated (possibly by the
carboxyl groups in y-position of a glutamic acid residue in
the active center of the enzyme®¥). In a third step (C) the
fructose residue is detached and an oxonium/carbenium
cation formed which is stabilized by a carboxylate group
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Fig. 19. Mechanism of action of enzymatic hydrolysis of sucrose by intestinal
sucrase according to Cogoli and Semenza [92].

of the active center. In all probability, this is a carboxylate
group in B-position of an aspartic acid residue!®*°** In a
last step (E) the oxonium/carbenium cation stabilized in
the way described reacts with water to form D-glucopyra-
nose—possibly via a covalent intermediary stage.

It is most likely that the unsaturated cyclitol unit of
acarbose (5) interacts with the glucopyranosyl binding cen-
ter of sucrase, the axially arranged nitrogen atom taking
the position of the glycosyl-oxygen atom in the substrate
molecule. The 4-amino-4,6-dideoxyglucose unit interacts
with the so-called “aglucon” binding center. This interpre-
tation is based on the following facts:

a) The unsaturated cyclitol unit has a half-chair conforma-
tion. Three of its four coplanar C atoms correspond with
positions C2—C1—O—CS5 in the oxonium/carbenium
ion (cf. Fig. 19). However, the structural correspondence
of cyclitol unit and carbenium cation is not so complete
that the saturation of the double bond would lead to a
drastic loss of efficacy.

b) Of greater importance for the pronounced inhibitory ef-
fect is the replacement of the glycosidic oxygen function
of the substrate by the more basic NH function in the in-
hibitor. The pK, value of the NH group in (5) is about
5¢ This means that protonation is unlikely to occur
at any of the pH values tested (5.85; 6.8; 7.45)®%. Since
this group corresponds with the glycosidic oxygen of the
substrate molecule, it will probably interact with the
same carboxyl group of the active center. The pK, value
of that group is about 7.3%%. Actually, the affinity of
acarbose (5) decreases when the carboxyl group is de-
protonated (K; at pH 6.8: 4.7 x 10~ 7 mol/L compared to
1.0 x 10~° mol/L at pH 7.45)1%%L

¢) Also important for the high affinity for the enzyme is a
marked interaction of the 4-amino-4,6-dideoxyglucose
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residue in (5) with the “aglucon” binding center, for
valienamine (16) is a weaker inhibitor of sucrase than
acarbose by 2 to 3 orders of magnitude. In addition, the
a(l—4)-like linkage of cyclitol unit and amino sugar
contributes to a specifity of inhibition. Consequently,
acarbose inhibits neither the isomaltase sub-unit—which
is closely related to the sucrase sub-unit—nor the simi-
larly acting B-glucosidase from almonds to any apprecia-
ble degree.

All these findings are consistent with the concept of the
mechanism of action of sucrase and demonstrate that the
pseudosaccharide “core” of the individual members of the
homologous acarbose series is essential to the inhibitory
effect.

On account of the results of cur own studies (see Section
5) with products of the hydrogenation of acarbose (5)*
and the properties of saturated microbial inhibitors" re-
lated to acarbose (5) described by Japanese authors, the
double bond has probably only quantitative significance.
According to the present state of knowledge and further
references in the patent literature!®® the general structural
formula (37) follows for these pseudo-oligosaccharidic a-
glucosidase inhibitors; here R,=H, R,=H or OH, or R,
and R, form a double bond, and R;=H or OH.

CH;OH _,
R
H—(Glucose)m\o
HO 3 _
) cups  (7h R =H OH
HN O
HO

HO
O—(Glucose),—OH

Nojirimycin (35} and I-deoxynojirimycin (36) have a
similar molecular size and, to a certain extent, also a struc-
ture similar to D-glucose—in contrast to acarbose (5). They
inhibit quite a number of both a-glucopyranosidases (in-
cluding isomaltase from small intestine!™, cf. Table 10) and
B-glucopyranosidases®® %" They are likely to react
with that part of the active center of sucrase which is the
“glucopyranosyl subcenter”, and neither with the “aglu-
con subcenter” nor the carboxyl group that protonates the
glucosidic oxygen (pK, approximately 7.3). Accordingly,
the K; values for both substances are practically equal at
pH values 6.8 and 7.45®%. On the basis of the data availa-

7

H™ Fru

Fig. 20. Binding of the protonated 1-deoxynojirimycin molecule (36) to a car-
boxylate group of the active center of sucrase, in comparison with the stabili-
zation of the oxonium/carbenium cation transition state of the substrate (see
also Fig. 19).

[*] K; for 1-deoxynojirimycin (36): 4.8 x 10~ mol/L at pH 6.25 (isomaltase
from porcine small intestine, method: “Dixon plot™).
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ble the mechanism of action of nojirimycin (35) and deoxy-
nojirimycin (37) is not as easy to explain as that of acar-
bose (5). After a thorough discussion of all facts, including
also the results obtained with other weaker inhibitors of
sucrase (such as D-glucono-1,5-lactone and p-glucono-1,5-
lactam), and considering hypotheses possibly applicable,
Semenza et al.®® arrive at the conclusion that (35) and (36)
are bound to the active center in a non-protonated form
and are subsequently protonated. In this case, a diagram as
shown in Figure 20 could be drawn up for (36).

12. Pharmacological and Clinical Aspects

For a long time dietetic rules have been a basic treat-
ment of metabolic diseases such as diabetes mellitus, obes-
ity or Type IV hyperlipoproteinaemia. As a rule, these re-
gimens require a reduced intake of carbohydrates and a
partition of daily meals into many small portions eaten
through the day. If these instructions are followed, hyper-
glycaemia (excessive blood glucose values), hyperinsulin-
aemia (excessive blood insulin values) and hypertriglycerid-
aemia (increased triglyceride blood levels) can be pre-
vented in many cases. However, in daily practice the ob-
servance of such restrictions is often hindered by unfavor-
able circumstances and inner resistance!®,

Carbohydrates are a main component of human food,
80—90% consisting of starch and sucrose™. In general
more than 250 g of di- and polysaccharides—as is de-
scribed in detail in Sections 2 and 3—must be enzymati-
cally split in the intestinal tract before they can be utilized
by the organism. According to the concept by
Puls"®-2%43_referred to in the introduction—a pharmaco-
logical interference with the intestinal carbohydrate diges-
tion by suitable a-glucosidase inhibitors should be a feas-
ible way to regulate and retard carbohydrate digestion, con-
trol the rate of absorption of monosaccharides and by this
way influence the intermediary metabolism of the carbohy-
drates. As already mentioned in the introduction this con-
cept was supported by an «a-amylase inhibitor
(BAY d 7791), a protein obtained from wheat germ
flour"” ¥, by experimental and clinico-pharmacological
studies!”” "7 which induced the search for more potent
inhibitors of a-glucosidases. The pseudo-oligosaccharidic
inhibitors of the general formula (4) proved to be particu-
larly suitable. The results obtained with various homolo-

Tabtle 13. Inhibition of a-glucosidase activity in vitro and in vivo by acarbose
(5) and homologues of the general formula (4) [45].

Component  In vitro In vive In vitro In vivo
50%inhibition EDso [b] 50%inhibition EDs, with
of 100 mU with starch  of 10 mU sucrose
a-amylase [mg/kg saccharase [mg/kg
{a] ng} rat] faj Ing} rat}

2 855 1.1 560 1.0

3 (acarbose) 680 1.5 74 1.1

4 1135 1.4 455 33

5 4.7 1.0 700 10.0

3 2.8 0.4 700 ~25.5

BAY e 4609 14.5 6.1 60000 >750

[a] See footnote [b], Table 7. [b] EDs;, is the dose necessary to reduce the inte-
grated postprandial increase in blood glucose by 50% [100].
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gues from in vivo experiments with rats are compared to
the in vitro inhibitory activities against «-amylase and su-
crase (Table 13, see also Table 7)14>4%7477],

The in vivo activity of the inhibitors is determined by
loading tests with rats using the substrates starch and su-
crose. After the administration of a defined amount of car-
bohydrates postprandial blood glucose concentrations are
determined at various times, plotted and integrated.

The blood glucose concentrations of rats treated with
physiological saline are used as a baseline. The in vivo ac-
tivity is expressed numerically as EDs,. Comparison of the
data for the in vivo activity in the sucrose loading tests for
the first five members of the homologous series and the
high-molecular preparation BAY e 4609 (given in Table 13)
with the in vitro data of sucrase inhibitors shows that in vi-
tro and in vivo activities are very much parallel—with the
exception of component 2 (6), the values of which cannot
be satisfactorily explained at present.

Acarbose (5) stands out against the other compounds as
the most effective inhibitor both in vive and in vitro. 1t is
striking that—according to Table 13-—components 2—6
inhibit the degradation of starch in vivo to a very similar
degree while there are considerable differences in the inhi-
bition of a-amylases in vitro (Fig. 19 and Table 7). We can
conclude from this that the in vitro inhibition test, using
pure a-amylase as the enzyme, does not reflect the real
course of the intestinal degradation of starch ir vivo. As al-
ready mentioned in Section 3, the intestinal degradation of
starch is a complex process involving a great number of
enzymes. Table 7, according to which components 2—5
and especially acarbose (5) inhibit maltase, “dextrinase”
and glucoamylase to a considerable degree, gives an idea
of feasible mechanisms of the in vivo effects. If it were pos-
sible to exactly define the involvement of the various enzy-
matic activities in the in vivo degradation of starch to glu-
cose, one might be able to explain the mechanism of in vivo
action of acarbose and its homologues. It can be seen from
Table 13 that the EDs, for acarbose (5) in the starch load-
ing test is 1.5 mg/kg in the rat, thus only slightly higher
than the EDjs, determined in the sucrose loading test. This
finding contributed to our selecting acarbose for clinical
trials and thus for practical use. On account of its broader
spectrum of inhibitory action in vive acarbose proved to be
clearly superior to the «a-amylase inhibitor BAY e 4609
which was also subjected to in-depth pharmacological””
and clinical studies®.

Acarbose does not only produce a dose-dependent inhi-
bition of the postprandial rise in blood sugar values in rats
in starch and/or sucrose loading tests, but also inhibits the
reactive postprandial hyperinsulinaemia™* %%, Therapy-re-
lated clinico-pharmacological studies on healthy test per-
sons have yielded similar results as the rat experiments de-
scribed above!*> 75109,

Moreover, acarbose was found to reduce the weight of
genetically obese “Zucker” rats that had received a su-
crose-containing diet—in a dose-dependent manner—;
this can be attributed to a reduced food intake by the ani-
mals treated. These animals also had significantly lower
serum levels of triglycerides and free fatty acids. The re-
duction of carbohydrate-induced hyperlipoproteinaemia is
considered to be due to a decrease in the excessive secre-
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tion of high-triglyceride lipoproteins, the so-called “VLDL
fraction”, from the liver. Analyses of the animals’ trunks
(carcasses) revealed a reduced accumulation of fat in the
body but unchanged protein content*>'°" in comparison
with controls.

Acarbose (5) is the clinically most thoroughly tested
compound especially in the indication diabetes mellitus.
The results of the numerous large-scale studied carried out
so far can be summarized as follows!”>76101;

Acarbose clearly improves the metabolic condition of
insulin-dependent diabetics. Blood glucose levels are low-
ered so that the dose of insulin can be reduced. However,
if there is a deficiency of insulin, acarbose cannot replace
insulin. In non-insulin-dependent diabetics the improve-
ment of the metabolic condition is the greater the longer
acarbose is administered. On account of its mechanism of
action, acarbose may produce transient intestinal symp-
toms which, however, are usually tolerated by the patient.
These symptoms are reduced, i. e. tolerability improves, es-
pecially when the drug is taken over a prolonged period.
Haematological and clinical-biochemical studies have fur-
nished evidence for the preparation’s objectively very good
tolerability. Acarbose—which has not yet been put on the
market—can thus be regarded as a new active principle in
the treatment of diabetes mellitus. The efficacy of this pre-
paration in hyperlipoproteinaemia and adiposity is under
clinical investigation.

In order to establish additional indications for microbial
a-glucosidase inhibitors investigations were performed
with test persons into the inhibition of oral starch degrada-
tion as effected mainly by salivary amylase'®. It was
shown that the addition of the a-amylase inhibitor BAY e
4609 to starch results in a reduction of oral starch degrada-
tion. After administration of starch, telemetry can be used
to follow the rapid drop of pH which is caused by the bac-
teria within the “‘plaques” on the teeth. A smaller pH drop
was observed in the presence of the amylase inhibitor. This
effect was amplified by the combination of BAY e 4609
with acarbose. These results support the idea that micro-
bial a-glucosidase inhibitors might reduce the cariogenic
potential of starch during its degradation in the oral cavi-
ty!192,

We have seen by the example of acarbose and the other
a-glucosidase inhibitors discussed in this article that new
active substances from the far-from-exhausted reservoir of
microbial secondary metabolites can be discovered by
means of practice-related screening tests.

We are indebted to Prof. Dr. G. Semenza, Biochemical
Laboratory of ETH Ziirich, for the extremely valuable dis-
cussions of the mechanism of action of the a-glucosidase in-
hibitors and for making his manuscript®®, still unpublished
when the present paper was submitted, available to us. We
also express our gratitude to Dr. J. J. Marshall, Miles Labo-
ratories Inc., Elkhart, Indiana (USA) for permitting the use
of the data listed in Tables 8 and 9 which are part of a
manuscript®” still unpublished when this paper was written.
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