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Abstract: Evidence that the galectin family of proteins plays crucial roles in cancer, inflammation, and immunity 
has accumulated over the last decade. The galectins have consequently emerged as interesting drug targets. 
A majority of galectin functions occurs by means of cross-linking glycoproteins and by doing so controlling gly-
coprotein cellular localization and residence times. The glycoprotein cross-linking occurs when galectin dimers 
or multimers, or galectins with two binding sites, bind galactose-containing glycans of the glycoproteins. Such 
galectin-glycan interactions have been successfully blocked with compounds having multivalent presentation of 
galactose, lactose, or N-acetyllactosamine, with peptides, and with small carbohydrate (galactose) derivatives. 
This review summarizes and analyzes attempts to develop efficient and selective small-molecule galectin inhi-
bitors through derivatization of monosaccharides, mainly galactosides, with non-carbohydrate structures that 
protrude into subsites adjacent to the core-conserved galactose-recognizing site of the galectins.
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1. The Galectins – An Introduction

The galectin family of β-galactoside-
binding proteins has been ascribed im-
portance in a wide range of biological 
mechanisms.[1] For example, intracellular 
trafficking,[2] cell signaling[3–6] apopto-
sis,[7] and cell adhesion[8] are regulated by 
galectin activities. These galectin activities 
are observed as effects on the organism 
level in inflammation, immunity, and can-
cer progression.[9–13] Deciphering galectin 
mechanistic pathways on a molecular level 
has accelerated during the last decade. A 
characteristic galectin feature, which is 
commonly connected to their biologi-
cal activities, is that they simultaneously 
present multiple carbohydrate recognition 
domains (CRD) which allows galectins to 
cross-link their glycoprotein ligands. This 
is achieved in three principal ways gov-
erned by galectin structural features. The 
so-called prototype galectins that have one 
CRD within their polypeptide chain form 
non-covalent dimers. The tandem-repeat 

galectins have two CRD within their poly-
peptide chain. The only chimera-type ga-
lectin, galectin-3, carries a proline-rich 
collagen-like N-terminal linked to a C-ter-
minal CRD. The galectin-3 collagen-like 
N-terminal is responsible for galectin-3 
multimerization and hence glycoprotein 
cross-linking properties.

Recent investigations have advanced 
the understanding of key galectin func-
tions, such as the discoveries that differ-
ent cell surface protein glycosylation pat-
terns on different regulatory T-cells control 
galectin-1-binding and subsequent T-cell 
apoptosis,[3] that galectin-8 orchestrates in-
tracellular targeting,[14,15] and that galectin-
3-induced lattice formation with branched 
N-glycans regulates cell surface receptor 
localization.[4–6] Furthermore, raft-inde-
pendent apical sorting of proteins is regu-
lated via galectin-3-controlled intracel-
lular glycan-dependent clustering.[2,16,17] 
More recently, it was demonstrated that 
CD8-TCR co-localization was abolished 
by galectin-TCR lattice formation, which 
conferred anergy in tumor-infiltrating 
CD8+ lymphocytes.[18] 

All these observations have led to the 
hypothesis that galectins are potential tar-
gets for novel anti-cancer and anti-inflam-
matory compounds. Support for such a hy-
pothesis has been demonstrated in several 
in vivo studies with an amino acid-derived 
lactulose-amine[19,20] and a modified citrus 
pectin (MCP).[21,22] both proposed to in-
hibit galectin-3, as well as with galectin-
inhibitory lactosyl steroids[23] and with 
peptides (Anginex)[24,25] proposed to in-
hibit angiogenesis by blocking galectin-1. 
Some of the more recent in vivo studies 
point towards a mechanism where the in-
hibitors enhance the efficiency of other 
chemotherapeutica presumably by block-
ing a galectin-mediated anti-apoptotic[20] 

or pro-migratory effect.[23] Hence, discov-
ery of novel selective and potent galectin 
inhibitors remains an important task.[26,27] 

2. Inhibition Strategies

A number of strategies for inhibiting 
the function of the galectins have been 
reported.[27] Natural smaller saccharide 
fragments, such as galactose, lactose and 
N-acetyllactosamine, can be and have been 
used in numerous experiments. However, 
small fragments of natural oligosaccha-
rides suffer from the drawback of typi-
cally low affinity (high mM to mM for ga-
lectins), limited chemical and metabolic 
stability, and high polarity leading to low 
bioavailability and rapid clearance. Mul-
tivalent inhibitors against galectins have 
almost exclusively been decorated with 
natural saccharides[28–40] and thus interact 
with the binding site as natural saccharides 
but in addition may or may not make use of 
the affinity-enhancing glycoside clustering 
effect. One exception is Pieter’s develop-
ment of galectin-targeting photoaffinity-
labelling structures, which incorporated a 
photo-reactive and affinity-enhancing ben-
zophenone ether at O(3’) of multivalently 
presented lactosides.[41] In a recent study 
with a panel of mono- to divalent lacto-
sides binding to galectin-1 and to a mutant 
with diminished dimerization, and thus 
cross-linking capability, it was discovered 
that divalent lactosides most likely do not 
cross-link different galectin-1 molecules, 
but rather bind a secondary lactose site.[42] 

Small peptide and glycopeptide in-
hibitors have been prepared by solid-phase 
synthesis[43–45] or via phage-display librar-
ies.[46,47] One of the phage-display-derived 
peptides displayed an impressive nanomo-
lar affinity for galectin-3[47] but it remains 
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other structural motifs targeting subsite 
A–B. Installation of 1,4-triazoles at galac-
tose C(3) was readily done with a 3-azido-
3-deoxy-β-d-galactoside and a suitable ter-
minal alkyne[61–63] (Fig. 2a). The galactose 
C(3)-triazoles were demonstrated to be 
inhibitors of galectin-3[64,65] with efficien-
cies approaching those of the correspond-
ing aromatic galactose C(3)-amides. In 
lieu of the galactose C(3)-benzamides and 
C(3)-triazoles, the corresponding galac-
tose C(3)-thiourea derivatives were proven 
to inhibit galectin-7 and 9N with close to 
an order of magnitude higher affinity than 
the parent lacNAc glycoside (Fig. 2).[66] 

Simple benzyl ethers at galactose 
O(3) have weaker affinities than the cor-
responding aromatic C(3)-amides.[67] Tri-
azolylmethyl ethers attached to galactose 
O(3) appear however to be a promising 
alternative towards O(3)-substituted de-
rivatives targeting subsites A–B in galec-
tin-1, as a triazol-1-yl-methyl ether at O(3) 
of phenyl thio-galactoside gave a 40-fold 
enhancement over galactose in affinity for 
galectin-1.[68] The observation of water-
mediated hydrogen bonds between the 
C(3)-amide functionality and galectin-3 in 
the X-ray structure[58] may provide a plau-
sible explanation for the higher affinity of 
C(3)-amides over O(3)-ethers.

3.2 Inhibitors Targeting Subsite E
Galectin carbohydrate binding sites 

are rich in arginine residues and the suc-
cess in the case of galectin-3 at discover-
ing aromatic galactose C(3)-amides as 
sub-mM inhibitors was due to interaction 
with Arg144 in subsite B. Building on 
arene-arginine interactions as an affinity-
enhancing strategy, comparatively simple 
inhibitors targeting another arginine side 
chain in galectin-3 (Arg186) and the cor-
responding Arg74, Arg75, and Arg 87 in 
galectin-1, 7, and 9N, were synthesized by 
lactose O(2) benzoylations (Fig. 3). The 
lactose 2-O-benzoates were hypothesized 
to stack face-to-face to these Arg side-
chains to form cation-π interaction and in-
deed low mM inhibitors that were superior 
to lactose or lacNAc were identified.[69] 
The aromatic aglycon of phenyl thio-lac-
tosides could be interacting with subsite E, 
but no large affinity enhancement due to 
the aromatic aglycon arose. However, oxi-
dizing the thio-lactoside to the correspond-
ing sulfone led in one case to a significant 
affinity improvement for galectin-1, which 
was interpreted as being due to a decreased 
electron density on lactose HO(3) enhanc-
ing hydrogen bonding to a glutamate side 
chain.[70] Lactulose amines[19,20,71] and lac-
tosyl steroids[23] described above as hav-
ing in vivo galectin-inhibiting activities 
presumably interact in subsite E with their 
non-carbohydrate moieties.

to demonstrate that they interact with the 
galactose-binding site of the galectin-3 
CRD. A peptide with anti-angiogenesis 
activity, Anginex, was discovered to in-
teract with galectin-1,[24,25] but its precise 
mechanism of action remains unclear. It 
indeed possesses potent anti-angiogenetic 
properties in vivo and is hence an interest-
ing anti-tumor lead compound.

Anti-galectin antibodies have been 
demonstrated[48] to inhibit tumor cell ag-
gregation and adhesion thus preventing me-
tastasis. A dominant negative galectin con-
struct was investigated in a human breast 
cancer mouse model.[49] In this study, an 
N-truncated galectin-3 construct, i.e. the 
galectin-3 terminus (Gal-3C) that contains 
the CRD, was used to compete out endog-
enous galectin-3 binding to endogenous 
ligands. Since Gal-3C cannot multimer-
ize due to the lack of N-terminus, it binds 
to natural ligands but does not confer any 
further function or signaling. Moreover, 
anti-sense oligodeoxynucleotides (ODN) 
and anti-sense interfering RNA (siRNA) 
have been reported to display anti-galectin 
activities in glioma and glioblastoma mod-
els.[50] Although, comparatively little effort 
has been directed towards high-throughput 
screening of galectins against large com-
pound libraries, a few examples have been 
published where non-carbohydrate syn-
thetic inhibitors have been identified to act 
by allosteric inhibition of galectin-3.[51] 
Finally, synthetic, small-molecule inhibi-
tors bind in competition with endogenous 
ligands to prevent normal galectin func-
tion. They can be made more hydrophobic 
than other inhibitors, allowing improved 
bioavailability. Importantly, they can po-
tentially be made higher-affinity than 
natural saccharide ligand fragments, thus 
requiring lower concentrations to compete 
successfully with the natural ligands. 

3. Small-molecule Inhibitor Design 
and Synthesis

The availability of detailed structural 
information of galectin-ligand complexes 
has helped development of galectin inhibi-
tors immensely. An early example is the 
X-ray structure of galectin-3 in complex 
with N-acetyllactosamine (LacNAc)[52] in 
which a carbohydrate binding groove can 
be seen extending in a direction protrud-
ing beyond the 3’-position of the galactose 
moiety. The galectin CRDs have been di-
vided into subsites A–E,[1,53,54] where sub-
site C is the galactose site and the nearby 
subsite D accommodates another saccha-
ride e.g. N-acetylglucosamine in case of 
LacNAc (Fig. 1). Furthermore, while all 
galectins have the A–E subsites, individual 
members of the galectin family often dis-
play additional subsites along the more or 

less conserved extended groove harboring 
the A–E subsites. The discussion on small-
molecule galectin inhibitors is categorized 
based on which subsite is targeted by their 
synthetic modifications.

3.1 Inhibitors Derivatized at Galac-
tose C(3) – Targeting Subsite A–B

In an early investigation targeting sub-
sites A and B, 3’-benzamido-LacNAc de-
rivatives were discovered as the first small 
monovalent synthetic galectin-3 inhibitors 
with sub-micromolar affinity (Fig. 2a).[57] 
The amide confers improved affinity and 
may also confer improved hydrolytic and 
enzymatic stability versus e.g. the corre-
sponding esters. An X-ray crystal struc-
ture of galectin-3 co-crystallized with 
one 3’-benzamido-LacNAc derivative[58] 
revealed that the arginine (Arg144) in the 
extended subsites A–B moved over 3 Å, as 
compared to its conformation in complex 
with LacNAc, to create a cavity for the 
aromatic benzamido-moiety and to simul-
taneously sandwich it (Fig. 2b). However, 
a more recent structural study suggests that 
the galectin-3 conformation with Arg144 
moved 3 Å is differently populated de-
pending on the fine structure of the ben-
zamide.[59] Interestingly, this study also 
suggested, based on NMR relaxation stud-
ies, that upon ligand binding an increased 
conformational entropy in galectin-3 con-
tributes significantly to the free energy of 
binding.[59]

The major affinity increase by the ben-
zamido group likely originates from sur-
face complementarity favoring dispersion 
forces with the protein and solvophobic 
effects, i.e. affinity driven largely by de-
solvation effects. However, a large contri-
bution is also believed to come from the 
π-cation interaction[60] with the Arg144 
guandinium group. Following the discov-
ery that aromatic galactose C(3)-amides 
conferred large affinity enhancements for 
galectin-3, subsequent studies investigated 

Figure 1

Fig. 1. X-ray structure of galectin-3 co-
crystallized with LacNAc. Subsites C–D 
harbor galactose and N-acetylglucosamine, 
respectively, while subsites A–B extend beyond 
galactose HO(3). Subsite E extends beyond the 
N-acetyl group of LacNAc.
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3.3 Inhibitors Simultaneously 
 Targeting Subsite A–B and E

The concept of placing aromatic 
moieties onto Arg186 was successfully 
combined with the Arg144-interacting 
3-benzamido-galactoside scaffold to pro-
vide 3,3’-di-benzamido-thiodigalactosides 
(Fig. 4) that simultaneously interact with 
two arginine side chains.[72] In the 3,3’-di-
benzamido-thiodigalactosides, one of 
the galactose moieties corresponds to the 
galactose unit of the natural LacNAc li-
gand, while the second galactose moiety 
mimics the GlcNAc unit of LacNAc. The 
binding thermodynamics[73] are improved 
both by forming an entropically favored 
C2-symmetrical inhibitor and by forming 
two π-cation interactions, with Arg144 and 
Arg186 (Fig. 4). The creation of double 
arginine-arene interactions leads to inhibi-
tors that bind Gal-3 with a K

d
 down to 33 

nM. The high affinity of 3,3’-di-benzami-
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Fig. 3. Aromatic lactose O(2)-esters, aryl lactosides, lactulose amines, 
and a lactosylsteroid targeting galectin subsite E. Kd values are 
determined by a) competitive fluorescence polarization assay[55,56] or by 
b) inhibition of haemagglutination.



Glycochemistry today  CHIMIA 2011, 65, No. 1/2  21

do-thiodigalactosides for galectin-3 was 
later reflected by one 3,3’-di-benzamido-
thiodigalactoside’s efficient inhibitory ef-
fect on galectin-3-regulated macrophage 
alternative M2 differentiation, and hence 
fibrosis, in vitro and ex vivo.[74]

Compared to the parent LacNAc deriv-
atives (section 3.1 above) the correspond-

ing 3,3’-di-triazolyl-thiodigalactosides 
revealed comparable low-nM affinities 
for galectin-3, but on the other hand had 
different selectivity profiles towards the 
galectins.[65] The high affinity of 3,3’-di-
triazolyl-thiodigalactosides for galectin-3 
was successfully exploited in the develop-
ment of a galectin-3 photoaffinity probe 

giving low non-specific background label-
ing of proteins.[75] 

Synthetically simpler aromatic thiodi-
galactoside 3,3’-di-esters were found to 
show activity on tumor cell motility (and 
hence chemotherapeutica sensitivity)[76] 
and on ex vivo human thyroid cancer cell 
sensitivity to pro-apoptotic chemothera-
peutica.[77] 

3.4 Saccharide Modifications Tar-
geting Subsites Perpendicular to 
the Natural Ligand Binding Groove

While the a-face of galactose resides 
on the plane of a Trp side-chain, the β-face 
of galactose is ‘zipped’ up by forming hy-
drogen bonds with the galectin CRD. As 
all galectins exploit one to three basic ami-
no acids (Arg or His) to form such polar 
interaction with galactose, it appeared rea-
sonable to assume that electron-rich sub-
stituents added to galactose may engage 
in strong interactions with His or Arg side 
chains. The HO(4) and HO(6) of galactose 
are engaged in key polar interactions with 
all galectins, while galactose HO(2) is not. 
Based on this notion, a 3-benzamido-3-
deoxy-β-d-galactoside was derivatized at 
O(2) with electron-rich substituents (Fig. 
5) and it was proved that this resulted in 
enhanced binding to galectin-3. The most 
promising O(2) substituent was a sulfate 
and molecular modeling suggested that the 
sulfate indeed interacts with Arg144 of this 
galectin.[79] 

One LacNAc derivative carrying a 
2-naphthamido group showed enhanced 
affinity by close to one order of magnitude 
for galectin-3.[78] Given that the HO(4) of 
this type I disaccharide (Galβ1-3GlcNAc) 
takes the place of OH(3) in a type II di-
saccharide (Galβ1-4GlcNAc) and is in-
volved in hydrogen bonding with Glu184 
and Arg162 (i.e. forming a hydrogen bond 
triad, see Fig. 1B in ref. [69] and Fig. 1b 
and c in ref. [80]), as seen in structures of 
galectins in complex with natural saccha-
rides occupying subsite D, the naphtham-
ido group is bound to be positioned in the 
proximity to Trp181 lining one side of sub-
site C–D. Thus the 2-naphthamido moiety 
may be involved in a T-stacking arene-
arene interaction with Trp181, which is an 
interaction mode worth pursuing further 
for inhibitor discovery.

3.5 Inhibitors Mimicking Glc or 
GlcNAc of Natural Ligands – 
 Targeting Subsite D

Galactosyl oximes, where anomeric 
aromatic oximes mimic Glc/GlcNAc, were 
demonstrated to provide efficient mono-
saccharide inhibitors of galectin-3.[81] 
Properly trisubstituted phenyl aglycons 
of 1-thio-β-d-galactosides were found to 
mimic Glc binding properties of galectin-7 
and were comparatively efficient inhibitors 
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(Fig. 6).[82] The galatosyl oximes have been 
combined with galactose C(3)-triazolyl 
substituents (see section 3.1 and Fig. 2a) 
to further improve affinity and thus pro-
viding promise for drug development.[83] 
Collections of O- and C-β-d-galactosides 
with aglycons incorporating isoxazole- or 
triazole moieties that would interact with 
subsite D were found by Roy et al. to in-
hibit galectin-1 with promising mM affini-
ties and with significant selectivity over 
galectin-3[68] (Fig. 6).[84]

3.6 Inhibitors Mimicking Galactose 
– Targeting Subsite C

Finally, other pyranosides having at 
least one 1,2-cis-diol may be explored 
as galactose mimics. Within this context, 
we developed triazolyl β-d-mannopyran-
osides as galectin inhibitors in which the 
anomeric triazolyl moiety mimicked a 
galactose C(3)-triazole moiety and man-
nose O(2) mimicked galactose O(4) (Fig. 
7).[85] Furthermore, the β-face of galectin-
bound galactosides is directed towards a 
line of Arg and/or His side chains, which 
laid the basis for designing and synthe-
sizing β-d-talopyranosides as galectin 
inhibitors. The inverted configuration 
at talose C(2), as compared to galactose 
C(2), was hypothesized to direct O(2), 
as well as O(2) substituents towards the 
line of Arg and/or His side chains. Indeed, 
taloside derivatives were found to inhibit 
galectin-3, 4C, and 8N and the two later 
galectins in fact preferred the talose over 
the galactose configuration.[86] Hence,  
t alopyranose is a more promising scaf-
fold than galactopyranose for the devel-
opment of inhibitors targeting galectin-4 
and 8.

4. Outlook

It is commonly stated as a general 
truth that monovalent carbohydrate-pro-
tein interactions are weak and that lectins 
therefore make poor drug targets. How-
ever, galectins typically bind natural oli-
gosaccharide ligands with low mM affin-
ity, or in some cases even nM affinity as 
for galectin-8N binding sialyllactose.[14] 
Indeed, several studies have through com-
bination of monosaccharide mimicking 
and appending non-carbohydrate struc-
tures to saccharide scaffold proved that 
it is possible to develop small-molecule 
galectin inhibitors with low nM affini-
ties required for drug leads. Challenges 
that remain to be tackled are improving 
ADME properties of the compounds, in 
particular bioavailability, stability to in 
vivo degradation, and clearance. It can 
be expected that further structural modi-
fication of galectin inhibitors can address 
these challenges and that they eventually 

will be developed into galectin-targeting 
drugs that oppose tumor progression and 
inflammatory conditions via novel mech-
anisms.
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