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Abstract—Five polar constituents of Origanum vulgare L. ssp. hirtum were investigated for their ability to inhibit aldose reduc-
tase (ALR2), the first enzyme of the polyol pathway implicated in the secondary complications of diabetes. The most active
compound was found to be lithospermic acid B. Caffeic acid was inactive as it showed no inhibitory activity against the
enzyme. The order of the inhibitory activity of the remaining compounds was: rosmarinic acid >12-hydroxyjasmonic acid
12-0O-B-glucopyranoside > p-menth-3-ene-1,2-diol 1-O-B-glucopyranoside. Docking studies have been undertaken to gain insight
into the binding mode of the investigated compounds at the active site of ALR2. The predicted hydrogen bonding and hydro-

phobic interactions may explain the observed inhibitory activity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Aldose reductase (alditol: NADP™ oxidoreductase, EC
1.1.1.21 ALR?2) is a key enzyme in the polyol pathway
as it catalyzes the reduction of glucose to sorbitol with
concomitant conversion of NADPH to NADP™. Intra-
cellular accumulation of sorbitol has been implicated
in the chronic complications of diabetes such as periph-
eral neuropathy, retinopathy, and cataract.! Therefore,
the inhibition of the polyol pathway is considered to
be a promising approach to control diabetes
complications.

X-ray crystallographic studies on both porcine? and hu-
man>* aldose reductases have shown that they belong to
the (P/a)g barrel class of enzymes and the coenzyme
NADPH binds at the C-terminal end of the B barrel.

Abbreviations: ALR2, aldose reductase; ALRI1, aldehyde reductase;

OV, Origanum vulgare; ARlIs, aldose reductase inhibitors.

Keywords:  Origanum wvulgare L. ssp. hirtum; Aldose reductase;

Docking; GLUE.

*Corresponding  author.  Tel.:  +3023 1093
koukoulitsa@pharm.uoa.gr

2354; e-mail:

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/.bmc.2005.10.013

The catalytic mechanism of aldose reductase involves
binding of the substrate to the active site pocket of the
enzyme/NADPH complex with subsequent hydride
transfer from the nicotinamide ring to the carbonyl
group. A proton is donated by Tyr48 to the carbonyl
oxygen to complete the conversion of the aldehyde to
alcohol.®> The requisite structural elements of aldose
reductase inhibitors (ARIs) are proposed as: (i) an aro-
matic ring system to form hydrophobic or n-7 stacking
interactions with the hydrophobic amino acid residues
in the active site, and (ii) acidic ionizable groups, such
as of carboxylic acids and spirohydantoins, which can
anchor to the anionic binding site.® 8

To date, a variety of compounds have been synthesized
that belong to two general classes; those containing a
carboxylic acid moiety such as epalrestat, tolrestat,
and zenarestat, and those having a cyclic imide repre-
sented by a spirohydantoin or related ring system such
as sorbinil, fidarestat, and minalrestat.>!® Numerous
ARIs also obtained from natural sources such as flavo-
noids, coumarins, stilbenes, monoterpenes, and related
aromatic compounds have been reported in the litera-
ture.!"!2 According to an ethnobotanical survey in the
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Tafilalet region of Morocco by Eddouks et al.,'? Origa-
num vulgare (OV) is traditionally used in control and
treatment of diabetes.

In this study, we examined the inhibitory activity against
rat lenses aldose reductase of the following secondary
metabolites recently isolated from the polar extracts of
OV growing wild in Greece: caffeic acid (1), rosmarinic
acid (2), lithospermic acid B (3), 12-hydroxyjasmonic
acid 12-O-B-glucopyranoside (4), and p-menth-3-ene-
1,2-diol 1-O-B-glucopyranoside (5).'* Moreover, based
on previous crystallographic and molecular modeling
studies, we performed docking calculations via the
GLUE program (implemented in the Grid package) in
order to examine the binding mode of the compounds
at the active site of ALR2 and to explain the heteroge-
nicity of their inhibitory activity.

2. Results and discussion
2.1. Determination of aldose reductase inhibition

The studied compounds 1-5 (Fig. 1) were evaluated for
their inhibitory activity against rat lenses aldose reduc-
tase. The percent inhibition data at 10 and 100 pM are
presented in Table 1. As can be seen, among the tested
compounds, lithospermic acid B (3) exhibited the best
inhibitory activity (96% at 100 pM) and rosmarinic acid
(2) showed almost the same activity at the same concen-
tration. The above compounds demonstrated significant
activity even at 10 pM. Compound 4 showed also activ-
ity (77%) at 100 uM, which was dramatically decreased
at a concentration of 10 uM (22%). The monoterpene
glucoside 5 was less potent, while caffeic acid (1) was

Figure 1. Structures of the investigated compounds 1-5.

Table 1. Inhibitory activity of the isolated compounds toward ALR2
and the results of the ligand docking calculations

Compound % Inhibition (SEM)" at Energy binding®
concn. (kcal/mol)
(10 uM) (100 uM)
1 — 8+4.6 —7.68
2 6614 95+0.0 —15.71
3 71£0.0 96 £ 1.7 —16.08
4 22+32 77+ 14 —14.58
5 — 41£0.6 —10.57
“n=3

® Calculated binding energy for the highest ranked docking solution.

found to be inactive under the present experimental
protocol.

2.2. Docking studies of receptor-ligand interactions

The difference in activity of our compounds toward al-
dose reductase shown in the experiments could be ex-
plained by docking calculations. The crystal structure
of rat aldose reductase has not yet been reported. How-
ever, the amino acids associated with NADPH binding
are strictly conserved between rat and human, and there
is 85% amino acid identity between these two species.!’
Since the composition of the active site is quite similar,
we selected for the docking studies the human aldose
reductase holoenzyme complexed with IDD 594
(Fig. 2) (PDB entry 1US0), as it was determined at the
highest resolution (0.66 A) among all the available struc-
tures in the PDB-database.!® The X-ray crystallography
study revealed that the inhibitor IDD 594 induces a con-
formational change upon binding to ALR2, creating a
specificity pocket localized between Phel22, Trplll,

OH

OH

CH3
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Figure 2. Structure of the inhibitor IDD 594.

Leu300, and Ala299. Compounds that bind to this spec-
ificity pocket possess much higher selectivity for ALR2
as compared with aldehyde reductase (ALR1),!” a close-
ly related enzyme that coexists with ALR2 in most tis-
sues and its inhibition might cause undesired side
effects.” The interactions of IDD 594 in the catalytic site
of ALR2 are mostly polar. The carboxylate group is
firmly anchored in the active site with hydrogen bonds
to His110, Tyr48, and Trpl11 and with a strong electro-
static interaction with NADP*. From the crystallo-
graphic study it is shown that His110 is singly
protonated at Ne2, as the C—Ne2 bond length is signifi-
cantly longer than the C-NDI1 and for this reason
His110 is the proton donor in the H-bond with the car-
boxylate oxygen 33 of the inhibitor IDD 594. Tyr48 is
also a proton donor in another H-bond to this oxygen.
The coenzyme is in a charged state of NADP™, as shown
by the planarity of the ring and the presence of the
hydrogen atom of C-4 in the plane of nicotinamide.

The docking simulations in the active site of ALR2 were
performed by the docking GLUE program, which has
been shown to successfully reproduce experimentally
observed binding modes in terms of rmsd (root-mean
squared deviation).!®!® The crystallographic structure
of IDD 594 docked into ALR2 and GLUE provided
an excellent result as was observed by a low value of
rm.s.d (best docked solution of 0.34 A) between the
experimental and the calculated docked structure
(Fig. 3). The ability to accurately predict the binding
conformation of IDD 594 of ALR2 gave confidence that
GLUE would exhibit a similar accuracy with the inves-
tigated molecules utilized in the study.

Figure 3. Conformational comparison between X-ray structure of
IDD 594 (colored by atom type) and predicted (colored yellow) by
GLUE.

The best possible binding modes of the five inhibitors at
the aldose reductase active site are displayed in Figure 4
and their corresponding binding energies are shown in
Table 1. As illustrated, the ligands were placed in the
same location as IDD 594 in the crystal structure. How-
ever, in contrast to IDD 594, it is observed that there is
no binding at the specificity pocket suggesting a non-
selective inhibition. Given the lower pK, of compounds
1-4 (pK, values: 2.06-4.61), the carboxylic moiety is
probably bound by ALR2 in its anionic form with the
negative charge shared between the carboxylic oxygens.
According to the observations of crystal structures
of ALR2 complexed with carboxylic acid inhibitors,
compounds 1-4 are bound to ALR2 with the carboxyl-
ate group entering the anionic binding site.?

In particular, rosmarinic acid (2) is oriented so that Ol
acceptor develops hydrogen bonds with Hisll0
(O1---H-Ne¢2 2.3 A), and Trpl11 (O1---H-Nel 2.5 A);
hydrogen bonds_are also formed by O2 with Tyr48
(02---H-O 2.0A), His11Q (O2---H-Ne&2 1.8 A) and
Trplll (O2---H-Nel 3.4 A). The carboxylate moiety
is also anchored to the anionic binding site through elec-
trostatic interactions with the positively charged nicotin-
amide ring of NADP™. Phenyl ring A is positioned at
the opening of the specificity pocket stabilized by aro-
matic interactions with Trp79, Trplll, and Trp219,
and van der Waals interactions with residues Phel22,
Ala299, and Leu300. Hydrophobic interactions are also
observed at phenyl ring B with residues Trp79 and
Phel22.

In lithospermic acid B (3), the carboxylate group of the
position C-28 is anchored in the anionic binding site
forming hydrogen bonds with Tyr48, His110, and
Trplll. Interestingly, polar interactions are observed
within the hydrophobic pocket between the oxygen at
C-19 with Nel of Trp20. The higher predicted binding
energy of lithospermic acid B compared to that of ros-
marinic acid reflects also its potential in forming numer-
ous hydrophobic interactions in the active site of ALR2.
Indeed, phenyl ring A located at the opening of the spec-
ificity pocket makes contacts with Trp20, Trp79,
Trplll, and Ala299, phenyl ring B with Phel22,
Trp219, and Leu300, and phenyl ring C with Trp20
and Phel21. Since the binding pocket of ALR2 is rather
hydrophobic, the predicted binding mode and the inhib-
itory activity of lithospermic acid B may be reasoned by
its comparatively higher lipophilicity, as was document-
ed by its calculated log P value of the anion form of the
docked conformer: 3.27 (caffeic acid: 0.51, rosmarinic
acid: 2.12, 12-hydroxyjasmonic acid 12-O-B-glucopyr-
anoside: —2.95). In Figure 5 is illustrated the hydropho-
bic region in the active pocket with the docked
conformation of lithospermic acid B.

Compound 4 forms hydrogen bonds with Tyr48, His110
and Trpl11 through the carboxylate moiety and electro-
static interactions with NADP™. The cyclopentanone
group is inserted in the hydrophobic pocket making
contacts with residues Trp20, Trp79, Phel22, Pro218,
Trp219 and Leu300. The lower predicted binding affini-
ty of compound 4 compared to those of compounds
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Figure 4. Docked orientations of (a) caffeic acid (1); (b) rosmarinic acid (2); (c) lithospermic acid B (3); (d) 12-hydroxyjasmonic acid 12-O-§-
glucopyranoside (4) and (e) p-menth-3-ene-1,2-diol 1-O-B-glucopyranoside (5) with additional depiction of selected aminoacid residues of ALR2
active site. Hydrogen bonds and polar interactions are shown as dotted lines.
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Figure 5. Visualization of the contour plot of GRID hydrophobic field
calculated with DRY probe at —0.2 kcal/mol in the active site (the
calculation was performed by Greater program implemented in the
GRID package). The docked conformation of lithospermic acid B is
displayed.

rosmarinic acid (2) and lithospermic acid B (3) could
reflect its lower activity.

Although caffeic acid (1) entered the anionic binding site
with the carboxylate moiety, it could not establish
strong interactions with the key aminoacid residues
and NADP". Only few contacts with the residues of
the hydrophobic pocket are observed. The results from
the docking calculations are consistent with the lower
estimated binding energy and the observed inactivity
of caffeic acid against aldose reductase (Table 1).

In compound 5, the glucoside moiety was located in the
anionic hole forming weak hydrogen bonds with the
imidazolium Ne2 of His110 (3.5 A) and the nitrogen of
NADP" (3. 6A) Further weaker electrostatic interac-
tions between the aforementioned hydroxyl group and
the positively charge NADP* were observed (5. 9A)
The stabilization of the compound in the pocket was
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attributed to the hydrogen bond formed by a hydroxyl
group with the Nel of Trp20 (1.9 A) and the hydropho-
bic contacts of the terpenoid moiety with the residues
Phel22, Pro218, Trp219, Ala299, and Leu300. In accor-
dance with these results, compound 5 is consistent with
the observed weaker activity among the investigated
compounds.

Molecular modeling studies can further explain the inter-
action between the docked conformations of the investi-
gated compounds with aminoacids Tyr48 and His110.
In Figure 6, there are depicted the maps of electrostatic
potential along with the HOMO of compounds 2-5. As
illustrated in this figure, it is interesting to note that in
lithospermic acid B (3) that possess two carboxylic
groups, the HOMO and the most negative electrostatic
potential (value: —187.306 kcal/mol) is located on the car-
boxylic oxygen that interacts with His110 and Tyr48. On
the contrary, the electrostatic potential value of the non-
interacting carboxylic oxygen is —91.260 kcal/mol. The
same localization of the HOMO and the most negative
electrostatic potential is also observed for the remaining
compounds. The most negative calculated electrostatic
potential values were: —208.377 kcal/mol (O1) and
—193.045 kcal/mol (O2) for rosmarinic acid (2),
—194.069 kcal/mol (O1) and —190.495 kcal/mol (0O2)
for 12-hydroxyjasmonic acid 12-O-B-glucopyranoside
(4), and —44.659 kcal/mol (O1) and —47.941 kcal/mol
(02) for p-menth-3-ene-1,2-diol 1-O-B-glucopyranoside
(5). From the above values, it is interesting to note that
in compound 5 the negative electrostatic potential value
of O2 is lower than those of the carboxylic oxygens of
the examined compounds. Based on this consideration
its weaker electrostatic interaction between the oxygen
of the hydroxyl group on O2 and the nitrogen Ng2 of

Figure 6. Illustration of the electrostatic potential map (transparent)
along with the HOMO orbital (solid) of compounds 2-5.

His110 could be explained. The smaller hydrogen bond
distances between the interactive carboxylic oxygen of
compounds and the hydrogen of N¢2 of His110 compared
to the corresponding hydrogen bond with the hydroxyl
hydrogen of Tyr48 can be reasoned by the most positive
electrostatic potential of His110 hydrogen (39.798 kcal/
mol vs 35.053 kcal/mol of Tyr48). The hydrogen charge
of Tyr48 contributing to the hydrogen bond is more posi-
tive (0.375) compared to His110 hydrogen (0.141). This
may be suggestive of a more hydrogen bond donor
character.

3. Conclusion

The inhibitory activity against rat lenses aldose reduc-
tase of compounds 1-5 was examined and docking stud-
ies on the active site of the enzyme were performed.
Lithospermic acid B was the most active compound. Fu-
ture research will focus on the investigation of the ability
of the studied compounds to inhibit also lipoxygenase,
since cellular and animal model studies indicated
the induction of proinflammatory enzymes, such as
15-lipoxygenase, under diabetic conditions.?’

Docking results seem to support the biological data.
Despite the fact that carboxylic acids have a potent
inhibitory activity in vitro, they are less potent in vivo
due to their complete dissociation at physiological
pH.2! On this basis, a design of semisynthetic compounds
is in progress aiming at the substitution of the carboxylic
moiety by an appropriate group of higher pK, values that,
also, would establish strong interactions with the key
residues of the active site of the enzyme. Docking studies
on a virtual library of semisynthetic products will be
useful in order to discover promising compounds.

4. Experimental

4.1. Isolation and identification of the examined
compounds

The compounds were extracted from the aerial parts of
O. vulgare L. ssp. hirtum. The plant was collected from
Pogoni-loannina (Epirus, North-Western Greece) in
July 2002 and authenticated by Dr. Th. Constantinidis
(Institute of Systematic Botany, Agricultural University
of Athens). A voucher specimen is deposited at the
Herbarium of the Institute of Systematic Botany,
Agricultural University of Athens (ACA), Lazari 1.

The isolation and the structure elucidation of the isolat-
ed compounds were described by the authors Koukoul-
itsa et al.'4

4.2. Determination of aldose reductase inhibition in vitro

The studied compounds as well as sorbinil
(C11HgFN,O3, reference) were dissolved in 0.2 M NaH-
CO;. Lenses were quickly removed from Fischer-344
rats of both sexes following euthanasia, and enzyme
preparation and assay were performed as previously



1658 C. Koukoulitsa et al. | Bioorg. Med. Chem. 14 (2006) 1653-1659

described.?>2* All experiments were performed in tripli-
cate. Results are shown in Table 1.

It should be noted that the aldose reductase inhibitory
activity has been previously reported for the com-
pounds: caffeic acid (1),>> rosmarinic acid (2)%°, and
lithospermic acid B (3).2° However, the results were ob-
tained using different experimental protocols than ours.

4.3. Computational methods

The considered molecules were built in 3D coordinates
and their most stable (lower energy) conformations were
calculated, by geometrical optimization of their struc-
ture as implemented in the Spartan 04 Molecular
Modeling program suite,?” utiliziing MMFF and PM3
semi-empirical methods. The X-ray structure of human
aldose reductase holoenzyme (PDB 1US0) was used in
our docking calculations after deletion of the inhibitor
IDD 594 from the PDB file, obtained from the Brookha-
ven Protein Data Bank.?®

Docking calculations were performed with GLUE
program implemented in the GRID package
(www.moldiscovery.com).?’> GLUE'® is a docking pro-
cedure aimed at detecting energetically favorable bind-
ing modes of a ligand with respect to the protein
active site using the GRID force field.>° The protein
cavity is mapped using several GRID runs: a set of
different probes is used to mimic all chemical groups
present in the ligand and the resulting maps are
encoded into compact files which store the interaction
energies. Afterwards, an iterative procedure identifies
all the ways in which four atoms of the ligand could
bind to the target, by pairing every atom to the ‘near-
est” MIF used. Hydrophobic and polar atoms of the
ligand for which several conformers are quickly pro-
duced are fitted over their corresponding energy maps,
giving rise to sometimes millions of ligand orienta-
tions, which are temporarily stored. Then, many ori-
entations are quickly eliminated due to redundancy
and steric hindrance constraints. Redundancy occurs
whenever two or more orientations are close enough
to each other, that is, the rmsd calculated over their
3D structures is lower than 2.0 A; therefore, they are
grouped and one orientation represents the entire
group. Conversely, steric hindrance occurs whenever
part of the ligand clashes into the binding site: in this
case, the clashing part is accommodated along the site
if possible; otherwise, the orientation is excluded. In-
deed, this refinement allows only reliable orientations
to be processed in the next step: each orientation is
optimized within the cavity by means of successive
torsions and translations. These are driven by the li-
gand-target interaction energy computed by the
GRID force field: each little movement is followed
by an energy reassessment according to the GRID
standard equation applied over the whole ligand and
the active site:

EGRID = ELJ + EEL + EHB + EENTROPY

The optimized orientations represent possible binding
modes of the ligand within the site. The interaction ener-

gy between the entire ligand and the protein binding site
is calculated by using the GLUE equation, which pro-
vides an energy scoring function (EGLUE) composed
by four contributions: ESR = steric repulsion energy,
EES = electrostatic energy, ERHB = hydrogen bonding
charge reinforcement, and EDRY = hydrophobic
energy.

EGLUE = ESR + EES + ERHB + EDRY

The final output of the docking procedure is a set of
solutions ranked according to the corresponding scoring
function values, each defined by the 3D coordinates of
its atoms and expressed as a PDB file.

The docked structures were imported into the Spartan,
and the electrostatic potential and HOMO values were
determined by using PM3 (single point) semiempirical
calculation.

The lipophilicity log P was calculated by VolSurf pro-
gram3!-32 (version 4.1.3, www.moldiscovery.com).

The pK, values for compounds 1-4 were calculated by Pal-
las program?®? (version 3.1.1.2, www.compudrug.com).

Gview molecular graphic system (implemented in the
GRID package) was used in order to visualize the
molecules and the results of docking.
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