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ABSTRACT

Lactulose is considered as a prebiotic because it promotes the intestinal proliferation of Lactobacillus
acidophilus which is added to various milk products. Moreover, lactulose is used in pharmaceuticals as a
gentle laxative and to treat hyperammonemia. This study was aimed at the total synthesis of two
Lactulose-derived oligosaccharides: one is 3-O-B-p-galactopyranosyl-b-fructose, p-fructose and -p-
galactose bounded together with B-1,3-glycosidic bound, the other is 1-O-f-p-galactopyranosyl-b-fruc-
tose, p-fructose and B-p-galactose bounded together with B-1,1-glycosidic bound, which were accom-
plished in seven steps from p-fructose and -p-galactose and every step of yield above 75%. This synthetic
route provided a practical and effective synthetic strategy for galactooligosaccharides, starting from
commercially available monosaccharides. Then we evaluated on their prebiotic properties in the search
for potential agents of regulating and improving the intestinal flora of human. The result showed that the
prebiotic properties of Lactulose-derived oligosaccharides was much better than Lactulose. Among them,
3-0-B-p-galactopyranosyl-p-fructose displayed the most potent activity of proliferation of L. acidophilus.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Lactulose (4-0O-B-p-galactopyranosyl-p-fructose), a synthetic
disaccharide composed of two sugar molecules p-fructose and B-p-
galactose bounded together with $-1,4-glycosidic bound. Lactulose
is 1.5 times sweeter than Lactose and can be crystallized from
alcohol solution. The B-glycosidic linkage of the lactulose is not
hydrolyzed by mammalian digestive enzymes and ingested lactu-
lose passes the stomach and small intestine without degradation. It
is characteristically utilized by all the species of Lactobacillus aci-
dophilus, which resides in the human intestine tract [1]. In the
colon, large number of bacteria metabolizes lactulose and con-
sumes it as their own food. In doing so, these bacteria produce
lactic, acetic, and formic acid as well as carbon dioxide gas. These
acids biochemically draw fluid into the bowel which softens the
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stool, hence the lactulose can be used as a laxative [2]. Lactulose has
prebiotic property, because it stimulates the growth of health-
promoting bacteria in the gastrointestinal tract, such as lactoba-
cilli and bifidobacteria and at the same time inhibits pathogenic
bacteria such as Salmonella [3]. In addition, lactulose is used in the
pharmaceutical field for treating constipation, hepatic encepha-
lopathy and complications of liver disease, and it maintains blood
glucose and insulin levels [4].

Lactulose synthetic methods usually can be divided into
chemical and enzymetic. The chemical methods are essentially
based on the isomerization of lactose by using many catalysts, such
as sodium hydroxide, potassium hydroxide, sodium carbonate,
magnesium oxide [5—7]. Montgomery and Hudson synthesized
lactulose with calcium hydroxide for the first time [8]. These pro-
cesses generally produce a high level of lactulose degradation,
which leads to the formation of a considerable percentage of
difficult to separate, colored by-products which lower the lactulose
yield. Another group of processes uses complexing reagents such as
aluminates and borates, which facilitate the reaction with a mini-
mum of secondary reactions and result in a high yield of lactulose
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by eliminating lactulose from the reaction equilibrium mixture in
the form of a complex [9,10]. However, they are unsatisfactory from
the industrial aspect because of the difficulty of eliminating the
aluminate and borate. Also in these processes a large excess of
borate and aluminate is necessary for optimal yield. The chemical
methods have several drawbacks since reaction is poorly specific,
side reactions occurring so that low product yields are obtained,
colored by-products are formed and intense purification is required
[11,12]. For these reasons any study to develop a feasible process to
produce lactulose is very important.

The enzymatic transgalactosylation reaction from lactose by B-
galactosidases obtaining complex mixtures of oligosaccharides
with different glycosidic linkages and degree of polymerization
depending on the source of the enzymes and experimental condi-
tions [13—16]. In addition, these products contain glucose, galac-
tose and lactose, without prebiotic properties, which increase the
calorific value of the product. Until recently, lactulose have been
obtained only from lactose, but currently there is a great interest in
obtaining new prebiotic carbohydrates with improved properties,
addressed to reach the distal regions of the colon unaltered to
promote the growth of specific bacteria. Due to the prebiotic
properties that lactulose show, Martinez-Villaluenga, C. and
Cardelle-Cobas, A. carried out enzymatic and chemical approaches
for the synthesis of new lactulose-derived oligosaccharides, which
may be also bioactive compounds and whose beneficial properties
should be investigated [17,18]. Makras et al. reported Gal-
actooligosaccharides synthesized by B-galactosidases from lacto-
bacilli and bifidobacteria contain mainly f-(1—1) or B-(1—3) linked
di- and trisaccharides, which may have prebiotic effects specifically
targeting those strains better than -(1—4) linkages [19].

In this work we report the chemical synthesis of two Lactulose-
derived oligosaccharides: 3-O-B-p-galactopyranosyl-b-fructose and
1-0-B-p-galactopyranosyl-p-fructose from commercially available
p-fructose and B-p-galactose (Fig. 1). It is valuable to develop an
efficient way to prepare this kind of oligosaccharides to promote
further studies, such as thorough pharmacological research and
further structure-activity relationship investigation. The pre-
liminary activity of regulating and improving the intestinal flora of
these synthetic oligosaccharides was then investigated.

2. Chemistry

The synthetic procedures and reaction conditions are shown in
Schemes 1 and 2. Reaction of B-p-galactose (4) in acetic anhydride
with sodium acetate gave compound 5. Reaction of compound 5 in
diethyl ether with benzylamine provided compound 6, which, after
protection with trichloroacetimidate, gave compound 7. Reaction of
p-fructose (1) in acetone with sulfuric acid gave compound 2,3.
Compound 7 reacted with compound 2,3 respectively in the pres-
ence of trimethylsily trifluoromethanesulfonate (TMSOT() to pro-
vide compound 8,11, which were deprotected in methanol with
sodium methylate to give compound 9,12. Then these two
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compounds after deprotection with acetic acid conditions to give
compound 10,13. The structures of all the synthetic compounds
were fully characterized by spectroscopic data (NMR, MS).

3. Results and discussion

For many methods, including the indican enzyme synthesis and
chemical synthesis, enzymatic synthesis is of advantages, such as
mild reaction, good region, and stereoselectivety. However, it re-
quires glycosyltransferase and glycosidase-catalysed, and the
enzyme is expensive. The enzyme on the substrate specificity is
strong. Relatively, the chemical synthesis is indispensable. The core
of the formation of glycosidic bond is an anomeric acetal synthesis,
because the dehydration directly generating glycosidic bond is a
violent reaction, so the usual method is to use a leaving groups at
anomeric position (donor), which reacts with an alcohol (accepter)
to give, in the presence of a promoter, obtained the desired
glycoside.

Knorr-Koenigs reaction is a classic glycosylation, using a bro-
mide as donor and heavy metals as promoters, and the problem of
this reaction is that the promoting agents are expensive and envi-
ronment unfriendly. The Schmidt method in 1980, so-called imi-
date method, is the most valuable glycosidic bond synthesis
method, which has advantage of good stability, easy operation, high
yield, good selectivity, etc. In the reaction, we chose tri-
chloroacetimidate as p-p-galactose 1-OH activation group, Trime-
thylsilyl trifluoromethanesulfonate (TMSOTf) as promoter, Acetyl
groups have been used as hydroxyl protection. As shown in
Schemes 1 and 2, were readily prepared in good yields from the
corresponding 1-OH sugars. The reaction of glycosylation achieved
in the conditions described above, gave the compound 3-O-§-p-
Galactopyranosyl-p-fructose in 86% yield and 1-O-p-p-Galactopyr-
anosyl-p-fructose in 85% yield. The stereochemistry of the newly
introduced linkage was determined to be 3 on the basis of the Glc
H-1, H-2 coupling constant (J12 = 7.6 Hz) and Gal H-1, H-2 Coupling
constant (J12 = 8.4 Hz) [20]. L. acidophilus was grown in simulated
intestinal fluid demonstrated that 3-O-B-p-galactopyranosyl-p-
fructose is the best carbon source for promoting the growth of L.
acidophilus, which proliferation activity is better than lactulose.

4. Conclusion

Lactulose chemical structures show a great variability, this af-
fects prebiotic properties. Nevertheless, Studies including synthetic
lactulose are scarce, and little information is available about the
specific preferences of bacteria with respect to lactulose linkage or
composition to compare with. In this work the influence of factors
have been investigated both qualitatively and quantitatively. In-
testinal flora (L. acidophilus) were shown to be able to utilize lac-
tulose and different lactulose-derived as carbon sources. It was
observed that glycosidic linkage affected the individual strains
growth. Our data showed a general preference of the strains
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Fig. 1. Structures of compounds Lactulose (4-O-B-p-galactopyranosyl-p-fructose), Compound 13 (1-O-B-p-galactopyranosyl-p-fructose) and Compound 10 (3-O-B-p-galactopyr-

anosyl-p-fructose).
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