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ARTICLE INFO ABSTRACT

Retama raetam (Forsk.) Webb & Berthel plant has been traditionally used for the treatment of diabetes mellitus
and hypertension. Interest in the medicinal chemistry of the plant in the past resulted in the isolation of a
number of compounds with anti-hyperglycemic activity. The current work is a further extension of our recent
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EIHVO“Oi'd work in which we isolated and characterized seven new flavonoids from Retama raetam with preliminary bio-
Nztjz;:lztiﬁve logical activity screening. It addresses the a-glucosidase inhibitory activity and molecular docking studies of the
Competifive flavonoids. Retamasin D, G, H, and erysubin A and B noncompetitively inhibited the enzyme whereas retamasin

C and F exhibited competitive inhibition. Moreover, retamasin C, F, G, and erysubin A and B carry dual activity
in addition to a-glucosidase inhibition. Our previous studies have shown that they also caused significant sti-
mulation of insulin from the blood-perfused pancreatic islets of Langerhans of mice. The C6 and C8 substituent
groups greatly influenced the inhibition potency of the compounds. The most potent inhibitor was retamasin H
with the y-lactone ring substituent at C6 position of the main flavonoid moiety. Notable active chemical groups
in the target compounds include y-lactone, dihydropyran and dihydrofuran rings with hydroxyl and geminal
methyl groups. Molecular modeling studies revealed that the compounds fit well in the a-glucosidase active site
by interacting with important active site residues. These findings will incorporate new chemical, structural and
functional diversity to the search and drug development of a-glucosidase inhibitors as anti-diabetic drugs.

Molecular docking

1. Introduction

Retama raetam (Forsk.) Webb & Berthel belongs to the Fabaceae
family of plants that commonly grows in the Middle East, North Africa
and Eastern Mediterranean region [1,2]. The plant is a halophyte and is
abundant in the North-West region of Saudi Arabia as forage for cattles
[3-5]. Traditionally, it has been used for the treatment of diabetes and
hypertension in Saudi Arabia and Morocco [6]. Previous studies have
confirmed that it lowers plasma glucose and lipid levels in normal and
diabetic rats with concomitant anti-hypertensive activity [6-8]. Its
hypoglycemic activity is proposed to be due to inhibition of glucose
uptake by renal tubules [9]. Moreover, the biological activity profile of
the plant also includes anti-microbial, anti-oxidant and insecticidal
activities [10,11].

* Corresponding author.

Interest in the medicinal chemistry of the plant with a special focus
on potential anti-diabetic compounds is strongly supported by the
evidence from the traditional medicinal use of the plant for diabetes
treatment and from previous studies that identified some anti-hy-
perglycemic compounds from it. In this regard, a number of alkaloids
including retamine, sparteine, lupinine and pinitol have been isolated
form the plant. Pinitol has been shown to exhibit hypoglycemic activity.
The folklore medicinal use of Retama raetam for diabetes treatment is
scientifically supported by previous studies that have identified anti-
hyperglycemic compounds from the plant [12-15], complemented by
the current work, thus providing a detailed insight into the medicinal
chemistry of the plant.

a-Glucosidases are important for carbohydrate digestion and pro-
cessing that eventually maintain postprandial blood glucose levels. One
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way of controlling hyperglycemia in type 2 diabetes mellitus is to in-
hibit the enzyme to slow down intestinal carbohydrate digestion [16].
Clinically, there are only three oral a-glucosidase inhibitors (acarbose,
miglitol and voglibose) currently prescribed for diabetes treatment
beside other anti-diabetic drugs [17]. However, these drugs impose
efficacy and side effect problems warranting further exploration and
introduction of new potential anti-diabetic a-glucosidase inhibitors.

Significant interest in the identification of flavonoid constituents of
Retama raetam has led to discovery of luteolin 4’-neohespiridoside,
atalantoflavone, saponarin, retamasin A and B, licoflavone C, genistein
8-C-glucoside and ephedroidin [18,19]. Flavonoids are polyphenolic
secondary metabolites widely present in plants, fruits and vegetables.
They are regarded as an important class of compounds in a number of
pharmaceutical, medicinal and nutraceutical products because of their
therapeutic effects. Flavonoids are abundant in nature with a spectrum
of biological activities including anti-inflammatory, anti-carcinogenic,
and anti-oxidative activities. A variety of flavonoids have been identi-
fied as promising a-glucosidase inhibitors that include kaempferol,
quercetin, kaempferol 3-O-B-glucopyranoside, quercetin 3-O-(3”-O-
galloyl)-3-galactopyranoside, quercetin 3-0-(6”-O-galloyl)-f-glucopyr-
anoside [20], acylated flavonol rhamnosides, broussochalcone A, dor-
silurin F and G [21].

We recently isolated and characterized seven new flavonoids from
Retama raetam that included three flavones namely retamasin C-E and
four isoflavones retamasin F-I. Retamasin C, E, F, G and erysubin A and
B showed significant stimulation of insulin from the blood-perfused
pancreatic islets of Langerhans of mice. All compounds except erysubin
A exhibited more insulin secretion activity than the standard insulin
secretagogue tolbutamide [22]. The current work is a further extension
of our recent work that involves our continuing efforts to identify po-
tential a-glucosidase inhibitors that may become candidates for anti-
diabetic drug development. We report a-glucosidase inhibitory activity,
enzyme kinetic studies of the flavonoids namely retamasin C, D, F, G, H,
and erysubin A and B. Furthermore, retamasin C and F were also sub-
jected to molecular docking studies that has revealed important in-
formation on active site binding of the compounds. Retmasin D, G, H,
and erysubin A and B noncompetitively whereas retamasin C and F
competitively inhibited a-glucosidase enzyme. Retamasin C, F, G, and
erysubin A and B carry dual activities; they stimulate insulin secretion
and also inhibit a-glucosidase enzyme. The dual action gives the
compounds a special advantage over others in terms of becoming pro-
mising candidates for anti-diabetic drug development. Therefore, the
current work will incorporate new structural and functional diversity to
drug discovery of anti-diabetic drugs.

2. Materials and methods
2.1. Extraction, isolation and structure elucidation of the compounds

The extraction and isolation of the compounds from the aerial parts
of Retama raetam along with structure elucidation has been reported in
our recent publication [22].

2.2. a-Glucosidase inhibition assay

The a-glucosidase inhibition assay was adapted from the previously
reported method [23] which was modified for the current work. A 96-
well microplate format was used for all assays. The total volume of the
reaction mixture was 300 pl that contained sodium phosphate buffer
(50 mM; pH 6.8), 40 mU of a-glucosidase from Saccharomyces cerevisiae
(Sigma Chemical Co., St. Louis, USA) and the substrate p-nitrophenyl-a-
p-glucopyranoside (0.7 mM). The compounds of interest were dissolved
in DMSO and the final concentration of DMSO in the reaction mixture
was 3%. The enzyme was first incubated with the compounds at 37 °C
for 15 min. followed by addition of the substrate to initiate the enzyme
reaction. The reaction was constantly monitored in 96-well microplates
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using SpectraMax Plus 384°® microplate reader at 400 nm. (Molecular
Devices, CA, USA). Negative control experiments containing no com-
pounds were also run in parallel. Acarbose was used as a positive
control. Each assay was conducted in four separate experiments and the
mean values were calculated with SEM (standard error of mean).

2.3. a-Glucosidase inhibition kinetics

The assay protocol adapted for kinetic studies was the same as
above except that it was modified as per experimental requirements.
The assay mixture contained various concentrations of the target
compounds and a range of substrate concentrations (p-nitrophenyl-a-p-
glucopyranoside 0.25-2.0 mM). The initial velocities of the enzyme
were determined in the presence and absence of the compounds using
only the linear portion of the enzyme velocity curves. The Lineweaver-
Burk plots were constructed to determine the type of inhibition, and the
K; values of the inhibitors were calculated by the Dixon plot using Grafit
7.0.3 (Erithacus Software Ltd., Staines, UK). Each kinetic assay was
performed in quadruplicate from which mean K; values and the SEM
were calculated.

2.4. Computational studies

The molecular docking simulation studies were performed using
Swiss Modeller. The homology modeling was performed using the
protocol reported elsewhere [24]. The homology model of yeast a-
glucosidase was based on the crystal structure of isomaltase from Sac-
charomyces Cerevisiae as a template. The compounds were built using
the builder module in MOE 2018.0101 (Molecular Operating Environ-
ment 2013.08; Chemical Computing Group ULC, Montreal, Canada)
with subsequent application of charges and minimization using
MMFF94x forcefield [25].

The molecular docking simulation was carried out using MOE-dock
with default docking protocols. For each compound 30 poses were
generated. The active site was identified using the coordinates of cog-
nate maltose from the Protein Data Bank (PDB identifier: 3A4A) [26].
The top-ranked pose of each ligand was analyzed visually. The images
were rendered using PLIP web server [27].

3. Results and discussion
3.1. a-glucosidase inhibition and kinetic studies

The compounds significantly decreased the a-glucosidase rate of
reaction in a concentration-dependent manner when compared to the
negative controls that contained no inhibitors. The compounds dis-
played a variable degree of inhibitory activities as indicated by their K;
values. Some compounds exhibited comparable K; values while others
had marked activity differences between them. The structures and K;
values of the compounds are listed in Table 1. The K; values of the
compounds ranged from 12.06 to 71.17 uM. Since the compounds
possess a variety of substituent chemical groups beside similar flavo-
noid parent structure, it is obvious to explain that the differences in
their inhibition potency are mainly because of the substituent groups.
In this regard, an account on the identification of active chemical
groups along with a comparative discussion on their inhibition po-
tencies will follow.

The observed inhibition kinetic data was first analyzed using the
Michaelis-Menten equation, which was screened for best fit into the
Lineweaver-Burk plot [28] for determining the type of inhibition. Data,
only with least standard of error, were considered for best-fit analysis.
Retamasin C and F exhibited competitive inhibition of the enzyme as
indicated by their corresponding Lineweaver-Burk plots showing vari-
able x-intercepts with all lines converging at the same point on the y-
axis typical of competitive inhibition. The apparent K, (Km,app) value
was calculated from each x-axis intercept at each [I]. Dixon plots were
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Table 1
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The structures of the flavonoids with their K; values and the type of inhibition. Each K; value represents the mean value of four separate experiments with SEM.

Compound name and type Structure K; Type of inhibition
(UM = SEM)

Retamasin C 19.93 = 0.77 Competitive
(Flavone)

Retamasin D 39.17 + 0.86 Noncompetitive
(Flavone)

Retamasin F 14.45 = 0.83 Competitive
(Isoflavone)

Retamasin G 56.61 = 0.95 Noncompetitive
(Isoflavone)

Retamasin H 12.06 = 0.57 Noncompetitive
(Isoflavone)

Erysubin A 16.42 = 0.18 Noncompetitive
(Isoflavone)

Erysubin B 71.17 + 0.64 Noncompetitive
(Isoflavone)

Acarbose 4.72 = 0.38 Competitive

constructed and the K; values were directly calculated from the y-axis
intercept of the plots, the pattern of which also complied with com-
petitive inhibition [29]. The V. and K, values were in agreement
with competitive inhibition that is characterized by an increase in K,
with no change in V., value (Fig. 1A).

The Lineweaver-Burk plots for retamasin D, G, H, and erysubin A
and B showed noncompetitive inhibition of a-glucosidase. The plots
displayed variable y-intercepts with all lines converging at the same
point on the x-axis, conforming to noncompetitive inhibition. From
each y-axis intercept, the apparent Viyax (Vimax,app) Value was calculated
at each [I]. The K; values were calculated directly from the x-axis in-
tercept of the Dixon plots {1/v versus [I]}, which also agreed with
noncompetitive inhibition [29]. The V., and K, values were in con-
formity to noncompetitive inhibition that is characterized by a decrease
in Vhax and no change in K, value (Fig. 1B).

The Lineweaver-Burk and their corresponding Dixon plots for
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representative noncompetitive and competitive inhibitors are presented
in Fig. 2 and Fig. 3, respectively.

3.2. Identification of active chemical groups

All of the isoflavones and flavones studied in the current work
carried C6 and C8 substitutions respectively. Interestingly in all of these
substitutions, the hydroxyl and methyl groups terminally flank as side
groups, which are either in single or in germinal configuration. As
mentioned earlier, the variability in inhibition potencies of the target
compounds is mainly influenced by these substitutions along with the
hydroxyl and methyl groups beside the parent flavonoid moiety. The
most potent inhibitor in the series was retamasin H (K; = 12.06 uM), an
isoflavone possessing a y-lactone substituent at C6 of the main moiety
that noncompetitively inhibited a-glucosidase. The potent activity of
the compound appears to be mainly due to presence of the y-lactone
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The inhibitory activities of retamasin D (carrying a dihydropyran
ring at C8 of the main flavone moiety with geminal methyl groups), and
retamasin C (carrying a dihydrofuran ring with germinal methyl
groups) bear a marked difference despite both carrying germinal me-
thyl groups. The only contrasting structural difference between these
two inhibitors is due to the dihydropyran and a dihydrofuran rings.
Since both of the compounds are structural isomers and not stereo-
isomers, comparison between them will provide little information in
terms of structure and activity relationship. Since they are different
only because of the dihydropyran and dihydrofuran rings, a limited
comparison is still possible that may conclude to some extent that the
dihydrofuran ring with germinal methyl groups in retamasin C is more
important for potent inhibition of a-glucosidase.

Erysubin B, bearing a dihydropyran ring with the methyl and hy-
droxyl groups at C6 of the isoflavone moiety, inhibited the enzyme with
a K; value of 71.17 uM. Its potency improved more than 4-fold when its
C6 substitution is replaced by a lactone ring carrying a hydroxyl group
and geminal methyl groups, as seen in erysubin A (K; = 16.42 uM). It is
noteworthy to mention that retamasin H, the most potent compound in
the series, also possessed a lactone ring and a methyl group at the same
position. Therefore, it is apparent that the presence of the lactone ring
bound to a hydroxyl and geminal methyl groups at C6 position of the
isoflavone moiety contributes to potent inhibition of a-glucosidase.

Interestingly, the type of C6 substitution in retamasin F is unique
among all the compounds studied in the current work; it possesses a
bicycle fused to the isoflavone core at C6 and C7 positions with a C2”
methine (K; = 14.45uM). In fact, it is found to be next most potent
competitive inhibitor after retamasin H with the K; value comparable to
that of erysubin A and retamasin C.

From these studies, a number of active groups have been identified
in the target compounds that contributed to potent a-glucosidase in-
hibition. These include y-lactone, fused bicycle moiety with C2”
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groups.
3.3. Molecular modeling studies

Retamasin C (K; = 19.93 uM) and F (K; = 14.45 uM) were subjected
to molecular modeling studies as representative compounds from the
flavones and isoflavones, respectively. These studies were aimed at
determining how the target compounds apparently bind to the a-glu-
cosidase active site.

A homology model of the yeast a-glucosidase was developed using
the crystal structure of isomaltase from Saccharomyces cerevisae as a
template. The docking score analysis revealed that both of the target
compounds were well accommodated in the active site with the docking
scores of —5.68 and —5.80 for retamasin C and F, respectively. Fig. 4A
displays the modeled retamasin C-active site complex. It is evident that
the inhibitor forms a number of polar and nonpolar interactions with
the active site residues of the enzyme. The hydroxyl group, beside the
geminal methyl groups and in proximity to the dihydrofuran ring,
mediates hydrogen bonding with Asp349 and Arg439, which are the
important catalytic residues of the enzyme. The hydrogen atom of the
hydroxyl group on the 4”-position of the benzene ring is involved in
polar contact with Asn347. The mni-stacking interactions between
Phe298, Phe300 and the inhibitor further stabilize the contacts
(Table 2).

Fig. 4B presents the modeled retamasin F-active site complex. It is
evident that the inhibitor mediates hydrophobic contacts with the re-
sidues of the active site hydrophobic patch that includes Phel57,
Phel77 and Phe300. Moreover, the hydroxyl group on the C2” methine
is involved in the hydrogen bonding interaction with Asp68, Arg312
and Arg439 residues (Table 2). As mentioned earlier, the C2” methine
in retamasin F is part of the bicycle fused to the isoflavone core at C6
and C7 positions.
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Fig. 2. Representative Lineweaver-Burk (A, C) and Dixon plots (B, D) for the noncompetitive inhibitors.

o [Sli=025mM
e [S2=0.50mM
S O[Sl =1.00 mM
£ B [S]ls=2.00 mM
g
4 .
S —O—|No Inhibitor £
= —@—|[Retamasin F]; = 10 M S
=~ . ~
c 3] —{J—|[Retamasin F]> = 30 uM o
E —l—|[Retamasin F]3 = 50 uM 9
= o
8 2 E
o =
IS >
= 1 ~
> —
~
~ | —
0 T T T T T 0+ —TTT
-2 -1 0 1 2 3 4 5 -20 0 20 40 60

A 1/[PNP-G] mM

B

[Retamasin F] uM

Fig. 3. Representative Lineweaver-Burk (A, C) and Dixon plots (B, D) for the competitive inhibitors.

4. Conclusions

Retama raetam is used for the treatment of diabetes mellitus and
hypertension in traditional medicine. Previous studies have com-
plemented the therapeutic properties of the plant by isolating a number
of compounds with anti-hyperglycemic activity. Our work has identi-
fied seven flavonoids with a-glucosidase inhibitory activity, majority of
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which were noncompetitive inhibitors. Generally, the inhibitory po-
tency of majority of the target compounds was comparable to each
other. The C6 substitutions in isoflavones and C8 substitutions in fla-
vones greatly influenced the a-glucosidase inhibitory activity. These
substitutions include y-lactone, fused bicycle moiety with C2” methine,
hydroxyl and geminal methyl groups. Additionally, retamasin C, F, G,
and Erysubin A and B showed promising dual activity by stimulating
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B

Asn347

Phe300 ‘
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Fig. 4. The simulated binding pose of (A) retamasin C and (B) retamasin F. The a-glucosidase active site residues are presented as sticks, the carbon atoms are colored
in grey, the oxygen atoms in red and the nitrogen atoms in blue. The carbon atoms of retamasin C and F are depicted in two different colors. The hydrogen bonds are
represented as green dashes. The image was rendered using Chimera [30] and Ray-trace using POVRAY [31].

Table 2
The protein-ligand interaction profiles of (A) retamasin C and (B) retamasin F in
complex with a-glucosidase obtained from the PLIP web server.

Residue # Amino acid Distance (A)
A

Hydrophobic interactions

57A TRP 3.83
157A PHE 3.16
158A PHE 3.44
298A PHE 3.30
300A PHE 3.03
344A TYR 3.46
Hydrogen bonds

312A ARG 3.48
347A ASN 2.75
349A ASP 2.44
300A PHE 3.60
B

Hydrophobic interactions

157A PHE 2.99
157A PHE 3.20
177A PHE 3.50
177A PHE 3.23
300A PHE 3.11
Hydrogen bonds

68A ASP 1.73
312A ARG 2.61
439A ARG 1.78
439A ARG 3.02
7 Stacking

300A PHE 4.71

insulin secretion from the mice pancreatic islets of Langerhans and
inhibiting a-glucosidase enzyme. These compounds may especially
become potential candidates for anti-diabetic drug development espe-
cially due to their dual activities. Molecular modeling studies on re-
tamasin C and F showed that the compounds accommodate well in the
active site pocket of a-glucosidase by interacting with a number of
important residues of the active site. The inhibitors and their apparent
interactions with the a-glucosidase active site along with the active
chemical groups identified in the current work will open new avenues
to the drug development of promising anti-diabetic drugs.
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