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ABSTRACT – Purpose. Diabetes mellitus is characterized by hyperglycemia resulting from defects in insulin
secretion, action or both. The use of medicinal plants for the treatment of diabetes mellitus dates back from the
Ebers papyrus of about 1550 B.C. One of the major problems with herbal drugs is that the active ingredients are
not well defined. It is important to know the active components and their molecular interactions which will help
to analyze their therapeutic efficacy and also to standardize the product. There are a number of medicinal plants
known for their anti-diabetic effect that possess similarities in their active chemical components, e.g. iridoid and
secoiridoid glycosides. Methods. In this study, we have compared the structure of various iridoid and
secoiridoid glycosides to design a novel pharmacophore. We further developed a structure-activity relationship
for the inhibition of glycogen phosphorylase-a. Conclusion. By using docking studies, we are proposing, for the
first time, that inhibition of glycogen phosphorylase-a activity is a common target for iridoids and secoiridoids
to elicit anti-diabetic effects.
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page.
__________________________________________________________________________________________
inhibitors, glucagon like peptidase-1 (GLP-1)
analogues and dipeptidyl peptidase-4 (DPP-IV)
inhibitors, which are all intended to reduce
hyperglycemia. However, these therapies have
significant mechanism-based side effects, such as
weight gain and atherosclerotic cardiovascular
disease, as well as limited efficacy and tolerability
(5). Therefore, therapeutic approaches that not only
lower glucose level but also specifically address the
diabetic
dyslipidemia
and
atherosclerotic
cardiovascular disease complications are needed
(5).
In the last few years, there has been an
exponential growth in the field of herbal medicine,
which is gaining popularity in both developing and
developed countries because of their natural origin
and less side effects (6). Many conventional drugs
have been derived from prototypic molecules in
medicinal plants, such as the development of
metformin, an efficacious oral glucose-lowering
agent, was developed based on the use of Galega
officinalis for the treatment of diabetes (7). Many

INTRODUCTION
Type-2 diabetes mellitus accounts for 90-95% of all
cases of diabetes. In 2010 the world prevalence of
diabetes among adults (aged 20-79 years) was
6.4%, affecting 285 million adults; this number will
increase to 7.7% and affecting 439 million adults by
2030 (1). Type-2 diabetes is characterized by
defective insulin action leading to insulin resistance
(2). Insulin resistance is associated not only with
hyperinsulinemia and hyperglycemia, but also with
other complications such as atherosclerosis,
hypertension and abnormal lipid profile,
collectively referred to as “Syndrome X” or Insulin
Resistance Associated Disorders (3). A lipid profile
consisting of a lower high-density lipoprotein
(HDL)-cholesterol and a higher low-density
lipoprotein (LDL)-cholesterol (atherogenic lipid
profile) is a characteristic feature for type-2
diabetes. This atherogenic lipid profile is a result of
increased hepatic very low-density lipoprotein
(VLDL) synthesis, along with inhibition of VLDL
clearance from circulation (4).
Currently, the treatment for type-2 diabetes
relies mainly on a variety of approaches such as
guanidine
analogues
(metformin),
insulin
sensitizers; sodium glucose transporter-2 (SGLT-2)
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bitter tonics, sedatives, antipyretics, cough
medicine, remedies for wounds, skin disorders and
hypotensive agents (13). Intensive study of their
bioactivity revealed that these compounds exhibit a
wide range of bioactivities namely, cardiovascular
benefits, hypoglycemic, hypolipidemic, antihepatotoxic, choleretic, anti-inflammatory, antispasmodic,
anti-tumor,
anti-viral,
immunomodulator and purgative activities (14).
Although iridoids were isolated in the latter part of
the nineteenth century, the basic skeleton of these
compounds was first proposed by Halpern and
Schmid in 1958 based on their investigation on
structure elucidation of plumieride (15).

different plants have been used individually or in
formulations for treatment of diabetes and its
complications. One of the major problems with
herbal formulation is that the active ingredients are
not well defined. It is important to know the active
components and their molecular interactions, which
will help to analyze therapeutic efficacy.
A number of iridoid and secoiridoid glycosides
have been shown to possess anti-diabetic and antihyperlipidemic effects in animal studies (8),
suggesting involvement of a common mechanism of
action. Thus, we compared the structural
characteristics of iridoids and secoiridoids, and
have proposed a new pharmacophore that may have
a higher potency for anti-diabetic effect.
Geniposide, an iridoid glycoside, was recently
reported to have a hypoglycemic effect in
streptozotocin induced diabetic mice (9), which was
mediated by inhibition of hepatic glycogen
phosphorylase-a
(GPa’s)
and
glucose-6phosphatase (G6pase); two key enzymes in
glycogenolysis. We therefore performed in-silico
studies to confirm the proposed pharmacophore and
its structure activity relationship using iridoid and
secoiridoid glycosides as ligands and glycogen
phosphorylase enzyme as the target protein. We are
reporting, for the first time, a novel pharmacophore
that may possess potent anti-diabetic activity via
inhibiting glycogen phosphorylase-a in vivo.

Chemistry and biological activity of iridoids and
secoiridoids
Iridoids are monoterpenoids based on a
cyclopentane-[C]-pyran skeleton (Figure 1a), which
may consist of ten, nine, or rarely eight carbon
atoms in which C11 is more frequently missing than
C10 (11, 13, 14, 16, 17). Oxidative cleavage at 7,8bond of the cyclopentane moiety affords the so
called secoiridoids (Figure 1b) (11, 13, 14, 16, 17),
while cleavage of pyran ring produced iridoids
derivatives (Figure 1c) (17-20). The stereochemical
configurations at C5 and C9 leads to cis fused rings,
which is common to all iridoids containing the basic
carbocyclic- or seco-skeleton in non-rearranged
form. Iridoids and secoiridoids are the class of
secondary metabolites of terrestrial and marine flora
and fauna and are found in a wide variety of plants
and also in some animals. In plant kingdom, these
are
derived
from
9-hydroxy
nerol
by
phosphorylation followed by cyclization, oxidation
and glycosidation in several steps (21). Possibly,
iridodial (Figure 1d) or 8-epi-iridodial (Figure 1e) is
the predecessor of iridoids in many plant families
(12, 22-24).
Secoiridoids are the metabolites of the iridoid
glycosides and are monoterpenoids based on the 7,
8-secocyclopenta[c]-pyranoid skeleton (Figure 1f).
In plants, they are possibly derived from iridoid,
loganin by oxidative cleavage with redox enzyme
and then undergo various secondary modifications
of the basic skeleton namely, epoxidation,
oxidation, hydroxylation and esterification of the
generated hydroxyl groups, leading to a group of
compounds, which constitute the secoiridoid class
(8). We have identified a number of naturally
occurring iridoid and secoiridoid glycosides that
possess anti-diabetic and anti-hyperlipidemic effect.

Iridoid and secoiridoid glycosides
Iridoid and secoiridoid glycosides are the chemical
class of compounds mainly reported in literature for
their anti-hyperlipidemic, anti-diabetic and several
other pharmacological effects (10). Iridoids are
constituted of cyclopentanoid monoterpene
derivatives and can be subdivided into four groups,
iridoid glycosides, simple iridoids or non glycosidic
iridoids, secoiridoids and bisiridoids (10). Their
presence is a characteristic of angiosperms, in
particular of the super order of sympetalae (11).
The name “iridoid” was probably derived from the
compounds such as an iridomyrcetin, iridolactone
and iridoidal, isolated from a genus of ants known
as iridomyrex, where these compounds are
responsible for defensive secretion of ants (12).
Sometimes they are referred to as “pseudoindicans”
due to blue colorization developed upon hydrolysis.
Iridoids are present in a number of folk medicinal
plants and occur mainly, in dicotyledonous plant
families like Apocynaceae, Scrophulariaceae,
Diervillaceae, Lamiaceae, Loganiaceae and
Rubiaceae (13). They were traditionally used as
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Figure 1. General chemical structure of iridoids and secoiridoids

iridoid glycosides (Figure 2). Genipin is the
molecule within the active fraction of the extract of
Gardenia jasminoides Ellis fruits, which has been
used over the years in traditional Chinese medicine
to treat symptoms of type-2 diabetes (32, 33). It was
reported that the acute inhibition of uncoupling
protein-2 (UCP-2) by genipin reverses high
glucose- and obesity-induced β-cell dysfunction
(34). UCP-2 is a negative regulator of insulin
secretion; it has been proposed that the increased
expression of UCP-2 in β-cells could result in β-cell
dysfunction and the development of type-2 diabetes
(35). Genipin was reported to inhibit UCP-2
mediated proton leak, which eventually increased
insulin secretion. In pancreatic β-islets, genipin
increased mitochondrial membrane potential (by
inhibiting proton leak) causing an increase in ATP
levels, which eventually closes plasma membrane
KATP channels, and stimulates insulin secretion in a
UCP2-dependent manner (35).
Genipin is a naturally occurring cross-linking
agent; two reactive hydroxyl groups of genipin
form secondary structure by cross linking to each
other (35). It is theoretically possible that the crosslinking activity of genipin could be required for
inhibition of UCP-2; however it was later found that
the cross-linking activity could produce adverse,
nonspecific effects due to interaction with other
proteins (35). To evaluate whether the cross-linking
is responsible for the biological activity, a synthetic
genipin-like compound, without the presence of
cross linking free hydroxyl group, was synthesized
and evaluated for UCP-2 activity.

The following sections deals with the chemical
resemblance of iridoid and secoiridoid glycosides
and their biological activity.
Swertiamarin
Swertiamarin is a secoiridoid glycoside (Figure 2)
and is widely available in Gentianaceae family of
plants such as Ennicostema littorale in India and
China (25). We have previously reported that the
aqueous, n-butanol and ethyl acetate extracts of
Enicostemma littorale possess anti-diabetic and
lipid lowering activity (26, 27). Later on, our group
isolated swertiamarin, which was reported as one of
the major components of n-butanol and ethyl
acetate fractions (26), suggesting that swertiamarin
may be the active compound for anti-diabetic and
lipid lowering effect. Studies carried out in our
laboratory with swertiamarin showed potent lipid
lowering effect in both acute (Poloxamer-407
induced hyperlipidemia) (28) and chronic (high
cholesterol diet induced) hyperlipidemic conditions
(Figure 3) (29). We have also established antidiabetic and anti-hyperlipidemic effects of
swertiamarin in streptozotocin (STZ) induced type1 and type-2 diabetes (30). Swertiamarin was also
reported to have a number of pharmacological
effects,
namely
hepatoprotective,
antiedematogenic, free radical scavenging activity and
anti-spasticactivity (31).
Genipin
Genipin is classified under iridoids as its chemical
structure is very similar to the general structure of
532
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Figure 2. Iridoid and secoiridoid glycosides and their structural similarities

stress and enhance the glutathione antioxidant
defense system in atherosclerotic rabbits (39), thus
diets rich in polyphenols are currently
recommended for the prevention of atherosclerosis
(40, 41). Oleuropein has high antioxidant activity in
vitro, comparable to a water soluble analog of
tocopherol (42). Oleuropein also scavenges
superoxide anions and hydroxyl radicals, and
inhibits the respiratory burst of neutrophils and
hypochlorous acid derived radicals. The oxygenderived free radicals contribute to the pathogenesis
of atherosclerosis by oxidizing LDL and generating
several species that react with oxygen in the
vascular wall (43). Oleuropein was found to induce
a significant hypoglycemic effect in alloxaninduced diabetic rats (44). The eventual mechanism
responsible for the hypoglycemic activity of
oleuropein and hydroxytyrosol may result from
glucose-induced insulin release or increased
peripheral uptake of glucose, and needs to be
further investigated (45).

This compound was found to inhibit UCP2mediated proton leak, closed KATP channels, and
stimulated insulin secretion in a UCP2-dependent
fashion (35). These findings suggest that the crosslinking activity of genipin is not required for its
biological activity as a UCP inhibitor. Thus, the
anti-diabetic effect of genipin appears to be
independent of the cross-linking property and is
likely due to the direct effect of genipin on insulin
secretion, which may also involve other pathways
(35).
Oleuropein
Oleuropein is a natural polyphenolic secoiridoid
glycoside present in olive products, which scavenge
free radicals and inhibit the chemical oxidation of
LDL (36-38). Oleuropein is constituted of oxidized
form of cyclopentane ring (open) and is also
attached to the polyphenolic ring, thus it is
categorized under polyphenolic secoiridoids (Figure
2). Diets rich in olive oil reduce tissue oxidative
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harpagoside-B categorizes them under iridoid
glycosides (Figure 2). Scrophularia deserti is
known for antipyretic activity, a remedy for kidney
diseases, cardiotonic, hypoglycemic, and diuretic in
typhoid fever, galactorrhea, leuckorrhea, throat
diseases, inflammation of mouth, lungs, large
intestine, bladder, and heart. It also provides a
remedy for tumors, abscesses, cancer of the lung,
goiter, and aching bones (48). Furthermore,
scropolioside-D2 and harpagoside-B have been
reported to exhibit hypoglycemic activity in normal,
fasting and alloxanized rats (49). The structure
activity
relationship
(SAR)
showed
that
scropolioside-D2 and harpagoside-B were the most
active compounds to possess anti-diabetic and antiinflammatory activity; however the mechanism/s of
action is not yet established.
Loganic acid and Loganin
Loganic acid and loganin are the active molecules
isolated from the genus Cornus (dogwood)
belonging to the family Cornaceae, which consists
of about 55 species, and is widely distributed in the
northern hemisphere, Eastern Asia, and the Eastern
and Northern parts of the United States (50). Corni
Fructus belongs to the sub group Cornelian cherries
containing loganin and loganic acid. Presence of
cyclopentanepyran ring in the structure of loganin
and loganic acid categorizes them under iridoid
class. Hachimijiogan, morroniside and loganin are
the major compounds (Figure 2) reported from
Corni Fructus (Cornus officinalis SIEB. Et ZUCC),
which helps in preventing diabetes related
complications. It was previously discovered that
Corni Fructus could ameliorate glucose-associated
metabolic disorders (47). Their mechanisms were
intimately related to the formation of advancedglycation end products (AGEs) (51).
AGEs are a complex group of compounds
formed via a non-enzymatic reaction between
reducing sugars and amine residues on proteins,
lipids, or nucleic acids. AGEs accumulate within
various organs that are damaged in diabetes, with
the accumulation rate of these AGEs accelerated by
hyperglycemia (52). AGEs have been measured and
reported to be linked to the sustained effects of
prior glycemic control on the subsequent
development of vascular complications. Corni
Fructus has been used to improve liver and kidney
functions. Iridoid total glycosides has the effect of
preventing the over expression of transforming
growth factor-b1 and matrixes in glomeruli using a
diabetic model (53). Corni Fructus was also

Figure 3. Effect of swertiamarin on total cholesterol
(TC), triglycerides (TG) and low-density lipoprotein
(LDL), in hypercholesterolemic rats fed a high
cholesterol diet. Each bar represents mean ± SEM. (n=
6). NC = normal control, DC = disease control, ATR =
atorvastatin
treated
(50mg/kg,
p.o.),
SW50=swertiamarin treated (50mg/kg, p.o.), SW75=swertiamarin treated (75mg/kg, p.o.). #Significantly
different from normal control (P<0.001). *Significantly
different from disease control (P<0.001).

Scropolioside-D2 and Harpagoside-B
Three known compounds namely, scropolioside-D2
(46), koelzioside (47), and 8-O-acetyl-harpagide are
reported from the aerial parts of the plant
Scrophularia deserti DEL (Scrophulariaceae),
commonly known as afinah, zetah, jar, and
maseelah in Saudi Arabia. The presence of
cyclopentanepyran ring in scropolioside-D2 and
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muscle and liver under high glucose conditions
(61). GPa is an archetypical control enzyme and
exists in two inter-convertible states: A
dephosphorylated form (GPb, low activity and low
substrate affinity) and Ser 14 phosphorylated form
(GPa, high activity and high substrate affinity).
Moreover GPa contains at least 6 potential
regulatory sites: 1) the Ser 14 P recognition site, 2)
the AMP activatory site, 3) the glucose-6-P
inhibitory allosteric sites (GlcNAc), 4) the catalytic
site that contains pyridoxal phosphate (PLP) at both
sides, 5) the inhibitor site located at 12A from the
catalytic site, which binds caffeine and related
compounds, 6) the glycogen storage site, and the
allosteric site at the dimer interface of the protein
(CP-403,700) (Figure 4).

reported for a better AGE clearance due to an
improvement
of
renal
function
than
aminoguanidine, the prototype AGE inhibitor.
These findings suggest that Corni Fructus might be
an effective remedy against diabetic AGE
accumulation (51).
Aucubin
Aucubin is a common iridoid glycoside isolated
from a number of plants namely, Plantagoasiatica,
Eucommiaulmoides, the leaves of Aucuba japonica
(54-56), and more recently from butterfly larva
(57). Aucubin is a monoterpenoid based compound,
and like all iridoids, has a cyclopentan-[C]-pyran
skeleton. Iridoids can consist of ten, nine, or rarely
eight carbons in which C11 is more frequently
missing than C10; aucubin has 10 carbons with the
C11 carbon missing (Figure 2). The stereochemical
configurations at C5 and C9 lead to cis fused rings,
which are common to all iridoids containing
carbocyclic- or seco-skeleton in non-rearranged
form as discussed earlier (58). Aucubin has been
reported to have a number of pharmacological
activities namely, hepatoprotective, anti-oxidant
and anti-diabetic effects. Aucubin was also found to
regenerate β-cells in streptozotocin induced diabetic
rats (59), as well as inducing beneficial effects in
diabetic complications such as neuropathy (60),
however the exact mechanism of action is not
known.
Proposed Common Mechanism of Action for
Iridoid and Secoiridoid Glycosides
All of the iridoid and secoiridoid glycosides
discussed above are known to possess anti-diabetic
effects, however the proposed mechanism of action
differ for each of the iridoid and secoiridoid
glycosides. Since the chemical structure of all of the
above compounds is similar, it is possible that there
is a common biological pathway that is responsible
for the anti-diabetic effect. Thus, we performed an
in-silico docking study with a number of different
insulin related targets, i.e. 2hr7 (insulin receptor
“domains 1-3”), 1gag (insulin receptor kinase in
complex with a bisubstrate inhibitor), and UCP-2,
however none of these targets were specific for this
class of compounds.
Wu et al., recently found that geniposide
(iridoid glycoside) possesses anti-diabetic effect by
inhibiting glycogen phosphorylase-a (GPa) and
glucose-6-phosphatase (G6Pase) (8). GPa was
considered as a possible target to treat diabetes as
inhibition of GPa favors glycogen synthesis in both

Figure 4. Binding sites for glycogen phosphorylase-a
(Gpa). Adapted from protein data base (PDB),
Adenosine monophosphate (AMP); pyridoxal phosphate
(PLP); GlcNAc (glucose binding site); CP-403, 700
(glycogen storage site) (62).

Studies have shown that α-D-glucose is a weak
inhibitor of GPa (ki = 1.7 mM), and at the same
time acts as a physiologic regulator of hepatic
glycogen
metabolism.
Glucose
binds
to
phosphorylase at the catalytic site and results in a
conformational change that stabilizes the inactive
T-state of the enzyme thereby promoting the action
of protein phosphatase 1 and stimulating glycogen
synthase.
We designed in-silico docking experiments to
explore whether iridoid and secoiridoid glycosides
would inhibit GPa, and whether there is any
structure-activity relationship. First, a molecular
modeling study was performed to investigate the
possible binding conformations of iridoid and
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Blind docking of iridoid and secoiridoid
glycosides on GPa showed no cluster to possess
significantly higher frequency or lower energy
compared to the other clusters. Thus, blind docking
was not able to clearly define a possible binding
site. We further looked into the molecular structure
of the enzyme GPa to identify potential binding
sites. The cluster possessing the highest interaction
surface between the docked ligand and the protein
was located at the PLP binding site. Thus, focused
docking calculations were carried out at the PLP
binding site of the protein.
All iridoid and secoiridoid glycosides were
proven to bind at the PLP binding site of GPa with
a reasonable affinity (-3.82 to -9.45 Kcal/mol, Table
1), except scropolioside D2 that did not show GPa
inhibition (+36.97 Kcal/mol). Morroniside, with its
docking energy of -6.69 Kcal/mol, suggests that the
binding of iridoid and secoiridoid glycosides to GPa
was glucose independent. Figure 5 shows the
binding of morroniside (green color) with PLP
binding site, which revealed a better binding
affinity for morroniside (-6.69 Kcal/mol) compared
to α-D-glucose (-5.00 Kcal/mol). Also, this binding
indicated a lack of overlap between glucose (pink
color) and morroniside, suggesting that inhibition of
GPa by morroniside does not depend on the glucose
moiety. Moreover, morroniside has shown a
number of hydrogen bond interactions with many
amino acids in the binding pocket; this interaction is
also stabilized by a number of hydrophobic
interactions with a number of amino acid residues at
the binding site namely, Tyr90, ILE165, VAL567,
TYR648.

secoiridoid glycosides to GPa that may suggest the
mechanism of action. Docking study was then
performed in two sets, first blind docking with GPa,
followed by focused docking on the PLP binding
site of the enzyme.
Docking calculations were carried out using
Docking Server (63). The MMFF94 force field (64)
was used for energy minimization of ligand
molecules using Docking Server. Gasteiger partial
charges were added to the ligand atoms. Non-polar
hydrogen atoms were merged, and rotatable bonds
were defined. Docking calculations were carried out
on 1LWO-Transferase protein model. Essential
hydrogen atoms, Kollman united atom type charges,
and solvation parameters were added with the aid of
AutoDock tools (65). Affinity (grid) maps of
20×20×20 A grid points and 0.375 A spacing were
generated using the Autogrid program (65).
AutoDock parameter set- and distance- dependent
dielectric functions were used in the calculation of
the van-der Waals and the electrostatic terms,
respectively. Docking simulations were performed
using the Lamarckian genetic algorithm (LGA) and
the Solis & Wets local search method (66). Initial
position, orientation, and torsions of the ligand
molecules were set randomly. Each docking
experiment was derived from 100 different runs that
were set to terminate after a maximum of 2500000
energy evaluations. The population size was set to
150. During the search, a translational step of 0.2 A,
and quaternion and torsion steps of 5 were applied.
The activity of the molecules is considered to be
due to the stabilization attained by the ligandreceptor complex, which is directly proportional to
the magnitude of the interaction energy between
them. These interaction energies principally scored
in terms of hydrophobic, hydrogen bonding, polar
and unfavorable steric contacts that have been
calculated.

Table 1. Docking energies of iridoids and secoiridoids at the pyridoxal phosphate (PLP)
binding site of glycogen phosphorylase-a
Compound
Docking energy (kcal/mol)
Anhydrogenipin
-6.3
Aucubin
-7.38
Genipin
-5.69
Glucose
-5.00
Harpogoside B
-9.45
Loganic acid
-7.78
Loganin
-6.46
Morroniside
-6.69
Oleuropein
-3.82
Swertiamarin
-7.01
Scropolioside D2
+36.97
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Figure 5. Docking poses of Morroniside (yellow) and Glucose (blue) docked into the pyridoxal phosphate (PLP) binding
site (PDB code 1LWO) of glycogen phosphorylase-a (Gpa)

Figure 6. Docking poses of Aucubin (green) and the ligand PLP (pink) docked into the glycogen phosphorylase-a binding
site (PDB code 1LWO).

possess a better binding to GPa. A comparison of
various iridoid and secoiridoid glycosides showed
that the basic pyran ring was a must for binding to
GPa. Based on docking experiments, we proposed
structure activity relationship for inhibition of GPa
enzyme as follows:

Aucubin showed better docking energy (-7.38
Kcal/mol) than morroniside (-6.69 kcal/mol) in its
binding affinity towards Gpa (Table 1). This is
because glucose moiety in aucubin is taking part in
binding as confirmed by two overlapping images of
aucubin (green) and glucose (pink) at the PLP
binding site of 1LWO (Figure 6). Moreover,
morroniside and aucubin possess a different fused
ring; a pyran ring for morroniside, and a
cyclopentane ring for aucubin. The two fused rings
exhibit different conformations, which in part is
playing a role in the suggested activity.

1. Substitution at position 4, with free carboxylic
acid such as in loganic acid, showed a higher
binding affinity and better docking energy (7.78 kcal/mol) to GPa. Lower esters, such as in
loganin, showed a lower binding affinity (-6.46
kcal/mol) toward Gpa. Furthermore, removal
of the carboxylic acid group, such as in
aucubin, also lowered the binding affinity
towards GPa (-7.38 kcal/mol).
2. Unsaturation between carbon 3 and 4 is
important for keeping the activity.

A Novel Pharmacophore: Structure Activity
Relationship for GPa
Based on the structural resemblance of iridoid and
secoiridoid glycosides, we have designed a general
pharmacophore structure (Figure 7) that may
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Saturation leads to loss of the desired
pharmacological effects.
3. Presence or absence of unsaturation
between
carbons
6
and
7
in
cyclopentanepyran ring e.g., Aucubin,
Loganic acid, Loganin, does not drastically
affect the binding activity (Table 1).
4. Substitution with hydroxy methyl at
position 8 in cyclopentanepyran was found
to be an effective substitution and increased
binding affinity to GPa (Table 1).
Moreover, such molecules have shown
insulin
releasing
effect
through
regenerating β-cells of pancreas, e.g.
Genipin and Aucubin (67). The absence of
this group in loganin and loganic acid was
compensated with the cumulative effect of
the carboxyl and free hydroxyl groups.
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