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a b s t r a c t

A series of 1-[(methylsulfonyl)methyl]-2-nitro-5,6,7,8-tetrahydroindolizines and homologs were
designed, prepared, and evaluated as non-sugar-type a-glucosidase inhibitors. The inhibitory activity
appeared to be related to cyclo homologation with the best congeners being tetrahydroindolizines. The
introduction of a methoxycarbonyl group as an additional hydrogen bond acceptor into the exocyclic
methylene group was beneficial affording the most potent congener 3e (half maximal inhibitory concen-
tration, IC50 = 8.0 ± 0.1 lM) which displayed 25-fold higher inhibitory activity than 1-deoxynojirimycin
(2, IC50 = 203 ± 9 lM)—the reference compound. Kinetic analysis indicated that compound 3e is a mixed
inhibitor with preference for the free enzyme over the a-glucosidase–substrate complex (Ki,free = 3.6 lM;
Ki,bound = 7.6 lM). Molecular docking experiments were in agreement with kinetic results indicating reli-
able interactions with both the catalytic cleft and other sites. Circular dichroism spectroscopy studies
suggested that the inhibition exerted by 3e may involve changes in the secondary structure of the
enzyme. Considering the relatively low molecular weight of 3e together with its high fraction of sp3

hybridized carbon atoms, this nitro-substituted tetrahydroindolizine may be considered as a good start-
ing point towards new leads in the area of a-glucosidase inhibitors.

� 2017 Elsevier Ltd. All rights reserved.
a-Glucosidases (EC 3.2.1, a-D-glucoside glucohydrolases) are
enzymes that catalyze the hydrolysis of a-glycosidic linkages at
the non-reducing ends of glucose multimers.1 These glucoside
hydrolases are ubiquitary in living beings and are involved in sev-
eral basic biochemical pathways, including carbohydrate digestion,
glycogen degradation, and both glycoprotein and glycoconjugates
maturation. The first group of reactions constitutes a fundamental
step for glucose absorption: intestinal a-glucosidases break down
diet polysaccharides and oligosaccharides to glucose, while
a-glucosidase inhibition delays glucose absorption, reducing
post-prandial plasma glucose levels.2 Through the second type of
reactions, endocellular a-glucosidases promote the liberation of

D-glucose units from glycogen stores. Indeed, inborn deficiency of
endocellular a-glucosidase activity causes glycogenosis.3 Finally,
the action of a-glucosidases in the endoplasmic reticulum has syn-
thetic fall-out because these enzymes are involved in the synthesis
of glycoconjugates that are necessary for mammalian cell growth
and proliferation.4 The same enzymatic activity is involved in the
morphogenesis of many enveloped viruses where host functions
are essential for viral replication. In fact, suppression of a-glucosi-
dase activity at the endoplasmic reticulum level through
expression inhibition with interfering RNA reduces the formation
of enveloped RNA viruses.5

a-Glucosidases inhibitors have been proposed for the treatment
of several pathological states such as hyperglycemia in type 2
diabetes mellitus,6 body mass increase7 and post-prandial
hyperglycemia8 in type 1 diabetes mellitus, gestational diabetes,9

prediabetes,10 weight gain11 and cardiovascular events12 in type
2 diabetic patients, cancer,13 cystic fibrosis,14 overproduction of
melanin,15 ulcerative colitis,16 glycosphingolipid lysosomal storage
diseases,17 Tangier disease,18 and viral infections.19
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Fig. 1. Structures of alkaloids (1a,b), 1-deoxynojirimicin (DNJ, 2), and title
compounds (3a–i) acting as a-glucosidase inhibitors.

Table 1
a-Glucosidase inhibitory activities of tetrahydroindolizines 3a–i and 1-deoxynojirimicin (D
efficiency (LLE), and structural (Fsp3) metrics.

Compd n R1 R2

3a 0 H H
3b 1 H H
3c 2 H H
3d 0 CO2Me H
3e 1 CO2Me H
3f 2 CO2Me H
3g 1 H Ph
3h 1 CO2Me Ph
3i 1 CO2Me p-MePh
DNJ (2)

a Compound concentration (lM, means ± SEM of three determinations) responsible fo
b Generated using the ACD/Labs Percepta Platform—PhysChem Module (ACD/Labs, To
c Lipophilic ligand efficiency (LLE = pIC50 � cLogP).37
d 46% inhibition at 150 lM.
e no inhibition at 300 lM.
f Lit: 52 ± 2 lM.24
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Numerous a-glucosidase inhibitors have been reported but few
of them have clinical relevance.20 Looking for a-glucosidase inhibi-
tors possibly endowed with high ligand efficiency metrics,21 we
focused on a relatively prodigal class of naturally occurring perhy-
dro bicyclic ring systems (Fig. 1) that consist of two fused pyrro-
lidine rings sharing their nitrogen atoms (pyrrolizidines, 1a,
n = 0) and the nitrogen-bridgehead nucleus homologs resulting
from the fusion between a pyrrolidine and a piperidine rings
(indolizidines, 1b, n = 1).

These alkaloids display from moderate to high inhibiting
potency (half maximal inhibitory concentration, IC50 = 70–
0.1 lM)22 but deep investigation of their pharmacological profiles
is hampered by several shortcomings. Since they present a rela-
tively high number of configurationally stable chirality centers,
biological activity exploration for all possible theoretical isomers
would represent a formidable task. Preparation of suitable quanti-
ties should go through either tedious, time-consuming multi-step
extraction processes from natural sources or sophisticated syn-
thetic procedures.23 Their relatively high cost impairs wide explo-
ration of their in vitro and in vivo pharmacological profiles.
Alkaloids 1a,b may be considered as annulated analogs of 1-
deoxynojirimycin (DNJ, 2), a well-known a-glucosidase inhibitor
(IC50 = 52 ± 2 lM)24 that has not entered clinical use. Iminosugars
such as 2 are water soluble and display pH dependent inhibitory
activity.25,26 As a consequence, both pharmacodynamics and phar-
macokinetics are erratic.27 Finally, protonatable rings generally
cause promiscuity28 and human ether-à-go-go-related gene
(hERG) channel inhibition.29

We have recently developed a synthetic procedure to obtain
fused [1,2-a]pyrroles of general formula 3 (Fig. 1)30 that may be
considered as unsaturated analogs of 1a,b. We hypothesized that
these annulated nitropyrroles might amend some of the structural
drawbacks of the bicyclic reference compounds. The pyrrole
NJ, reference inhibitor) with corresponding physicochemical (cLogP), lipophilic ligand

IC50 ± SEMa cLogPb LLEc Fsp3

>150 d 0.99 2.8 0.56
72 ± 6 1.6 2.5 0.60
>300e 2.1 1.4 0.64
48 ± 1 1.6 2.7 0.54
8.0 ± 0.10 2.2 2.9 0.58
124 ± 8 2.8 1.1 0.62
29.0 ± 0.2 3.4 1.1 0.38
19.8 ± 1.5 4.2 0.5 0.39
65 ± 4 4.6 �0.4 0.42
203 ± 9f �2.1 5.8 1.0

r 50% inhibition of a-glucosidase activity.
ronto, ON, Canada).



Scheme 1. Reagents and conditions: (i) secondary heterocyclic amine (2.2 mol equiv), AgNO3 (2 mol equiv) in EtOH under Ar, T = 40 �C, overnight, then R2X (10 mol equiv),
4 h; (ii) m-CPBA (1.1 mol equiv) in DCM, rt; (iii) reflux in EtOH for 3–7 h.
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nitrogen atom in 3a–i is not protonatable at physiological pH and
the only chirality center, where present (3d–f,h,i, Table 1), is con-
figurationally unstable (no need/possibility to obtain and study
separated enantiomers). As peculiarly found in several naturally
occurring compounds,31 both homolog series 1a,b present high
fraction of sp3 hybridized carbon atoms (Fsp3 = 1), a property gen-
erally granting clinical developability (suggested Fsp3 �0.36).32

The introduction of a few sp2 hybridized carbon atoms should be
well tolerated. Furhermore, 1a,b and 3a–i share the same number
of ‘lean’ rings (i. e., heterocycles),33 another beneficial structural
feature.29 While further reducing basicity, the nitro group would
improve inhibiting potency.24 The sulfonyl and methoxycarbonyl
groups would offer additional hydrogen bond accepting opportuni-
ties while tuning the lipophilic/hydrophilic balance. Finally, the
benzylsulfonyl analogs would confer advantages from van der
Waals/stacking interactions possibly involved in the binding
process.

The target compounds were obtained through the route
depicted in Scheme 1.30

Nitrothiophenes 4a34 or 4b34,35 were treated with an excess of
the suitable secondary amine (pyrrolidine, piperidine or azepane)
and AgNO3 in EtOH under Ar, at 40 �C. The silver enethiolate so
generated was then added with the alkylating agent [MeI, benzyl-
bromide, or 1-(bromomethyl)-4-methylbenzene] to obtain the
nitroenamines 5a–i. The mercapto group was then oxidized at sul-
fur withm-CPBA to obtain the corresponding sulfones 6a–i. Finally,
the title compounds 3a–i were easily obtained in generally high
yields by refluxing the relevant 6a–i in ethanol and rapidly isolat-
Fig. 2. Ligand efficiency metrics in the progression from initial pyrrolizine 3a to
atoms = D1.37pIC50/DHA;39 Ligand efficiency: LE = 1.37pIC50/HA.38
ing the precipitate by filtration. After recrystallization, the struc-
tures of the target compounds 3a–i were elucidated using
spectroscopic and spectrometric analyses.

As anticipated, compounds 3a–i have Fsp3 signatures higher
than optimal suggested values (Table 1)32 and were evaluated for
their in vitro a-glucosidase inhibitory activity using 2 (DNJ) as a
reference compound (Table 1). Seven out of nine compounds were
significantly more potent than DNJ (comparisons between potency
values were supported by the two tails Student’s t-test; p < 0.01) in
a concentration-dependent manner. Potency depended on homolo-
gation with the best n value being 1 (tetrahydroindolizines, cf. 3a–
c; 3d–f). These results are in agreement with what previously
reported for iminoalditols and thioisosteres where homologation
strongly regulated activity probably as a consequence of ring flex-
ibility.36 The most potent congener 3e displayed 25-fold higher
inhibitory activity than DNJ. The general improvement in potency
was obviously related to increasing lipophilicity (see cLogP values
in Table 1). However, lipophilic ligand efficiency (LLE = pIC50 �
cLogP)37 values, while being lower than LLE of DNJ, were main-
tained in the most active analogs (Table 1). Thus the observed gain
in potency should not correspond to loss of binding specificity.37

The ligand efficiency (LE = 1.37pIC50/HA where HA is the num-
ber of non-hydrogen atoms)38 score was maintained throughout
the study (Fig. 2). However, the introduction of a phenyl group to
obtain the benzylsulfonyl analog 3g was not as beneficial as
homologation (3b) or insertion of the methoxycarbonyl group
(3e), as attested by group efficiency (GE =DDG/DHA =D1.37pIC50/
DHA)39 scores (Fig. 2). Furthermore, the effects of methoxycarbonyl
indolizines 3e and 3g. Group efficiency: GE = DDG/Dnumber of non-hydrogen



Fig. 5. Slope (A) and Y-intercept (B) values from primary Lineweaver-Burk plot (Fig. 4)
obtained as the absolute values of the concentration-axis intercepts of plots A and B, re

Fig. 4. Lineweaver-Burk plot analysis of the kinetics of a-glucosidase inhibition
exerted by compound 3e.

Fig. 3. Catalytic activity of a-glucosidase as a function of enzyme concentration at
different inhibitor (3e) concentrations.

C. Tavani et al. / Bioorganic & Medicinal Chemistry Letters 27 (2017) 3980–3986 3983
and phenyl substituents were not independent (i.e., they are not
additive) since compound 3h was less active than 3e and was only
poorly more active than 3g. Thus, the two substituents probably
share the same interaction site and/or mutually constrain their
respective orientations in an unfavorable overall arrangement.
On the other hand, the possibility of detrimental excessive
lipophilicity should not be excluded with this hypothesis including
also the detrimental effect of the p-methyl substituent in 3i.

To investigate the mechanism of action of the title compounds
on a-glucosidase, a kinetic study was performed on the most active
congener, the ester 3e. The reversibility of 3e inhibition was first
assessed by evaluating the initial rate of the a-glucosidase pro-
moted reaction versus enzyme concentration at various inhibitor
concentrations (Fig. 3). A family of straight lines all passing
through the origin was obtained. The line gradients decreased with
increasing inhibitor concentration and this indicated that com-
pound 3e was a reversible inhibitor.

Then, the initial rates at various concentrations of substrate
(pNPG, p-nitrophenyl a-D-glucopyranoside) in the absence and in
the presence of different concentrations of compound 3e were
studied. The data, analysed in double reciprocal (Lineweaver–Burk)
plot (Fig. 4) were interpolated by four straight lines which showed
a common intersection point in the second quadrant, typical of
mixed inhibition. Km value increases from 0.092 (control) to
0.14 mM and Vmax value decreases from 23.8 to 10.7 nmol/min
mL with increasing concentration of 3e.

A mixed-type inhibition can be described by the following dou-
ble reciprocal equation:40

1
m
¼ Km

Vmax
1þ ½I�

K i

� �
1
½S� þ

1
Vmax

1þ ½I�
aK i

� �

where m is the enzyme reaction velocity; Km and Ki are the Michae-
lis-Menten and the inhibition constants, respectively; [I] and [S] are
the concentrations of 3e and substrate (p-NPG), respectively. From
this equation, secondary equations may be derived and these, in
turn, correspond to secondary plots that allow extrapolation of
the inhibition constants Ki,free (i.e., a measure of the affinity of 3e
for the free enzyme) and Ki,bound (i.e., a measure of the affinity of
3e for the complex enzyme-substrate). In fact, the following two
equations may be derived:

slope ¼ Km

Vmax
1þ ½I�

K i

� �
Y-intercept ¼ 1

Vmax
1þ ½I�

aK i

� �
versus corresponding inhibitor (3e) concentrations; Ki,free and Ki,bound values were
spectively.



Fig. 7. Blind docking results. The 3D comparative model of a-glucosidase is
reported in cartoon representation. The best ligand (3e) pose obtained by docking
the ligand within the substrate binding site (green sticks) and the best ligand pose
within one out of three clusters (orange sticks) are reported. The crystallized
isomaltose and the redocked isomaltose are also reported for comparative purposes
(yellow and magenta sticks, respectively). For a list of interacting residues, see
Table 2 and S2 (supplementary materials).
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By re-plotting the slope and Y-intercept values taken from each
line in the primary Lineweaver–Burk plot (Fig. 4) versus various
corresponding concentrations of 3e two secondary plots were
obtained (Fig. 5A and B, respectively). Ki,free and Ki,bound values were
obtained as the absolute values of the concentration-axis inter-
cepts of plots A and B, respectively.41 Since Ki,free value (3.6 lM)
was lower than Ki,bound value (7.6 lM), the compound 3e binds
preferentially the free a-glucosidase form than the a-glucosi-
dase–substrate complex.

To investigate possible conformational changes determined by
the interaction of 3e with its target enzyme, circular dichroism
(CD) spectra of a-glucosidase were recorded in the absence and
in the presence of increasing concentrations of the inhibiting
small-molecule (Fig. 6). The changes induced by increasing concen-
trations of 3e were similar to those displayed by a recently
reported mixed-type a-glucosidase inhibitor and denote reduction
of the percentages of a-helices and b-sheets in the overall sec-
ondary structure of the enzyme.40

The above findings were further supported by a molecular
docking study. Since the crystallographic structure of Saccha-
romyces cerevisiae a-glucosidase is not available, a comparative
3D structural model of the yeast a-glucosidase (maltase) protein
was prepared by using Modeller.42 The 3D modeling was per-
formed according to our validated protocols.43 The 3D isomaltase
crystallographic structure of Saccharomyces cerevisiae isomaltase
(PDB_ID: 3axh.pdb) was used as a protein template for building
the yeast a-glucosidase 3D model, sharing more than 72% of iden-
tical residues with the former (Fig. 1 in the Supplementary data).
We used the obtained 3D comparative model for performing dock-
ing analyses according to our protocols validated also by re-
docking.43,44
Fig. 6. Circular dichroism (CD) spectra of a-glucosidase (2.5 U/mL) alone (control) and in the presence of increasing concentrations of 3e (phosphate buffer, pH 7.3, T = 25 �C).
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The re-docking simulation allowed us to define a specific
gridbox for the isomaltase that reproduced the crystallized pro-
tein–ligand complex with high fidelity. The root mean square
deviation (RMSD) between the coordinates of the ligand (isoma-
ltose) in the crystallized complex (isomaltase-isomaltose) and
the best ‘‘re-docked” pose coordinates, obtained by using
Autodock,45 was equal to 0.6 Å. Given the high percentage of
identical amino acids that isomaltase shares with the yeast a-
glucosidase, the same gridbox could be used for investigating
the possible binding region of other substrates and competitive
inhibitors to maltase.

By docking 3e within the substrate binding region we obtained
a pose of the ligand interacting with only some of the residues of
Fig. 8. Selectivity of 3e at molecular level. Panel A. The molecules DNJ, 3e, and 3h are rep
panel A. In the bottom half of panel A the superimposition of the three molecules is repor
magenta sticks. Panel C and D. Residues within 4 Å from 3e (panel C) and 3h (panel D)
residues that interact with DNJ in panel B. Residues in white sticks are those residues inte
interactions established by functional groups of 3e and 3h with residues close to those in
reported for the sake of clarity.
the substrate binding site (Fig. 7). In particular, Phe157 and
Phe177 seem to be involved in hydrophobic interactions (Tables 2
and S2 in the supplementary data).

When performing a blind docking run involving the overall
structure of our 3D comparative model, three other main putative
binding regions where found (Fig. S1 and Table S2 in the supple-
mentary data), with the closest to the catalytic site being reported
in Fig. 7. These findings are in agreement with the results obtained
from kinetic studies.

The phenyl-substituted analog 3h and DNJ were docked in
the a-glycosidase binding site for comparative purposes
(Fig. 8). Residues within 4 Å from the three docked molecules
are reported in Table 2. It appears that the piperidine moiety
orted for comparative purposes in orange, green and yellow sticks in the top half of
ted for comparative purposes. Panel B. Residues within 4 Å from DNJ are reported in
are reported in magenta and white sticks. Residues in magenta sticks are the same
racting only with 3e or 3h. Dashed red lines indicate some among the new selective
teracting with DNJ. Interactions between magenta sticks and DNJ, 3e, and 3h are not



Table 2
Docking study on 3e, DNJ, and 3h: interacting residues.

Residues within 4 Å
from 3e

Residues within 4 Å
from DNJ

Residues within 4 Å
from 3h

F157 F157 F157
F177 F177 F177
T215 T215 T215
L218 L218 L218
H239 H239
N241 N241
H245 H245
E276 E276 E276
A278 A278 A278
H279 H279
F300 F300 F300
V303 V303
E304 E304

P309
F311 F311
R312 R312 R312
D349 D349
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of 3e and 3h is able to establish the same interactions estab-
lished by DNJ with the a-glucosidase binding region. The higher
affinity shown by 3e and 3h is due to new interactions estab-
lished by the pyrrolidine ring and the nitro-group with H245,
H279, and N241; by the CO2Me with H239; by the nitro-group
and H239, and by the stronger interaction established between
the SO2CH3 and R312. More in general, if the piperidine ring is
replaced with a ring greater or smaller, the resulting molecules
are less able to fit correctly the binding cavity of the investigated
a-glucosidase.

The presence of a phenyl or a tolyl result in a loss of efficiency of
the corresponding inhibitors (cf. 3i, 3h, and 3e). The presence of
the phenyl moiety could be able to re-orient the ligand in the bind-
ing site worsening its fitting and displaying new interactions (i.e.
with P309).

Similarly, the replacement of CO2Me at R1 with a H-atom, also
in presence of a phenyl group in place of R2, or the replacement
of both R1 and R2 with two H-atoms cause reduction of affinity
(cf. 3b, 3g, 3e, and 3h) most likely due to the loss of interactions
with H239 and a greater rotation freedom of the nitro-group.

In conclusion, we have designed and prepared a series of 1-
[(methylsulfonyl)methyl]-2-nitro-5,6,7,8-tetrahydroindolizines
and homologs as non-sugar-type a-glucosidase inhibitors. The
majority of the tested compounds were more potent than DNJ, a
well-known a-glucosidase inhibitor. The most potent compound,
the tetrahydroindolizine 3e, displayed a 25-fold higher inhibitory
activity than the reference compound and behaves as mixed inhi-
bitor with preference for the free enzyme over the a-glucosidase-
substrate complex. CD and docking studies supported kinetic
results. Considering the relatively low molecular weight of 3e
together with its good ligand metrics, this nitro-substituted
tetrahydroindolizine may be considered as a good starting point
towards new leads in the area of a-glucosidase inhibitors.
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