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ABSTRACT

Background. Melatonin is an endogenous regulator of intraocular pressure (IOP),
but its effectiveness as a drug for glaucoma treatment is limited.

The aim of the study. To develop and to validate a virtual screening method to identify
bioisosteric analogs of melatonin that are promising for study as agents that reduce
intraocular pressure.

Results. A database containing structural and experimental affinity information
for 48 individual reference compounds was created. Risk assessments for mutagenic,
carcinogenic, irritant and reproductive toxicity were performed in DataWarrior based
on substructural analysis and identification of fragments that are markers of relevant
toxicity. A virtual screening of 2457 structures was carried out and 25 compounds
from the selected ones were experimentally studied for their effect on intraocular
pressure (IOP) in intact rats. 10 of the 25 prioritized compounds were found to sig-
nificantly reduce IOP; compound RU-398 reduced IOP by 40 %, K-165 — by 40.9 %,
and RU-615 reduced glaucoma by 33.3 %.

Conclusion. The effectiveness of virtual screening after experimental validation
was 40 %. The identified active compounds are promising for further study and de-
velopment as the agents for the treatment of glaucoma.
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PE3IOME

O6ocHosaHue. MeniamoHUH A8/19emcs SHOO02eHHbIM pe2ysIimOopPOM 8HYyMpPU/Ia3HO-
20 0asneHus (BIL]), Ho 3¢hpekmusHOCMb €20 npuMeHeHUs 8 Kayecmeae JieKapcmeeH-
HO020 cpedcmea npu 21ayKome 02paHUYeHa.

Llens uccnedosanus. Paspabomka u eanudayus memood 8upmyasnbHO20 CKPUHUH-
2a 0514 8blAseHUA 6UOU30CMepuUYecKUX aHaI0208 MesIaMOHUHA, NepCcneKMuUBHbIX
0/14 U3y4eHUA 8 Kayecmeae cpedcme, CHUXAroWUxX 8HympuzaasHoe 0dasreHue.
Pe3ynemamel. beinia co30aHa 6a3a 0aHHbIX, cO0epxauds UHPOpMayuto o Cmpykmy-
pe U 3KcnepumMeHmasibHOM cpoocmae 48 omoesibHbIX SManoHHbIX coeduHeHul. OueHKa
pucka MymazeHHoU, KaHyepoz2eHHoU, pasopaxatroujeli U penpodyKmueHOU MOKCUYHO-
cmu 6bis1a 8binosiHeHa 8 DataWarrior Ha ocHoge NoOCMpyKMypHO20 aHAAU3Ad U UOeH-
mugukayuu pazmeHmos, Komopele A8NAIOMCA Mapkepamu coomeemcmayroweli
mokcuyHocmu. beln nposedéH supmyaneHbil cKpuHuHe 2457 cmpykmyp u 25 coeduHe-
HUl U3 Yuc1a omobpaHHbIX bbIIU SKCNEPUMEHMAbHO U3yyYeHbl Ha hpedMmem Ux 8/1u-
AHUA Ha BI] y uHmakmHeix Kpeic. buino obHapyxeHo, ymo 10 us 25 npuopumusupo-
BAHHbIX COROUHEHUU CNOCOBHbI 3HA4UMO cHUXame BI]; coeduHeHue RU-398 cHuxano
yposeHb B[] Ha 40 %, K-165 — Ha 40,9 %, a RU-615 cHuxasno anaykomy Ha 33,3 %.
3aknoyeHue. Pe3ysibmamusHOCMb 8UPMYAIbHO20 CKPUHUH2A NOC/1e SKCnepuMeH-
mansHou eanudayuu cocmasuna 40 %. BvisgneHHble akmusHble coeOUHeHUA A8A-
tomca nepcnekmusHsiMU 0/19 0d/ibHeliwez0 U3yyeHUs U paspabomku 8 Kkadecmese
cpedcme 0714 Ie4eHUs 271ayKOMbI.

Knioyeeswie crnoea: uzocmep, MelamoHUH, 21dyKoMa, 8HympuaiasHoe 0dsfieHue,
8UPMYAsIbHbIU CKPUHUH2

Ona uyutupoBaHua: babkos [.A, TapaH A.C., LeBuyeHko A.A. HameHko J1.B., Mykos-
ckaa O.H., Edpemos A.M., bescoHoBa E.H., JlosnHckaa H.A., Cnacos A.A. BupTanbHbii
N 3KCMepUMEHTaNIbHbI CKPUHUHT HOBbIX 61OM30CTEePOB MEeNaToOHVHA ANA NedyeHus
rnakombl. Acta biomedica scientifica. 2024; 9(1):116-128. doi: 10.29413/ABS.2024-9.1.12
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INTRODUCTION

Glaucoma is a multifactorial chronic progressive op-
tical neuropathy characterised by damage to the optic
nerve and retinal nerve fibre layer, which can lead to irre-
versible loss of peripheral or central vision [1]. Currently,
glaucomaiis a collective term for a group of neurodegener-
ative processes affecting the entire visual pathway, charac-
terised by progressive, irreversible destruction and death
of retinal ganglion cells [2].

One promising class to look for antiglaucoma drugs
is melatonin analogues. Melatonin is the hormone respon-
sible for regulating circadian and seasonal rhythms. This
molecule was first discovered and described in the pineal
gland, but it is now known to be synthesised in many tis-
sues of the body, including the eye and ocular structures,
particularly the retina, iris, ciliary body, lens and lacrimal
gland, where it regulates important processes. Its effect
on intraocular pressure (IOP) is mediated through MT,,
MT, and the putative melatonin receptor MT, located
in the ciliary body, resulting in a decrease in chloride out-
flow from non-pigmented epithelial cells by increasing cy-
clicadenosine monophosphate. A decrease in this outflow
causes a decrease in the production of aqueous moisture
and finally a decrease in 10P [3].

The search for new melatonin analogues with greater
metabolic stability and duration of action is an active area
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FIG. 1.

Melatonin and some of its bioisosters
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of ongoing study. Compounds of various structures with af-
finity for melatonin receptors have been described [4].

THE AIM

To develop and to validate a virtual screening meth-
od to identify bioisosteric analogs of melatonin that are
promising for study as agents that reduce intraocular
pressure.

METHODS

Compliance with Ethical Standards

The experimental work was carried out in accordance
with the requirements of GOSTISO/IEC 17025-2009, GOST
R ISO 5725-2002 and the rules of laboratory practice
in conducting preclinical studies in the Russian Federa-
tion in accordance with GOST R 33044-2014 ‘Principles
of Good Laboratory Practice’ and Order of the Ministry
of Health of the Russian Federation N2 199n dated April
1, 2016 «About the approval of the rules of good labora-
tory practice», in compliance with Directive 2010/63/EU
of the European Parliament and Council of the European
Union of September 22, 2010 concerning the protection
of animals used for scientific purposes.

4P-PDOT

Agomelatine



Data preparation
In the preparation of the structure database of com-
pounds available for study, duplicates, salt residues were
removed and structures were standardised. A database
containing 2457 investigated compounds was created.

Reference structures
Information from the [IUPHAR pharmacological database
was used as a source of validated ligands with affinity for hu-
man type 1 and type 2 melatonin receptors (MT, and MT) [5].

Molecular properties calculation

For each compound, characteristics related to drug
similarity were calculated, including molecular weight M,
lipophilicity index ClogP, number of donors and acceptors
of hydrogen bonds H, ~andH___ ., number of halogen
ptors

atomsN, ., number of heavy atoms N, _ , polar surface

gens’ heavy’

area PSA (polar surface area). All the described calculations
were performed using the OSIRIS DartaWarrior program

(Idorsia Inc., Switzerland) [6].

Assessment of substructural markers
of specific toxicity
Risk assessment of mutagenic, carcinogenic, irritant
properties and reproductive toxicity was performed in Da-
taWarrior based on substructural analysis and identifica-
tion of fragments known to be markers of relevant types
of toxicity.

DrugScore integral measure of drug eligibility

DrugScore is an integral index including substructural
drug similarity, lipophilicity, solubility, molecular weight
and risk of specific toxicity (carcinogenicity, mutagenicity,
local irritant and reproductive toxicity). The calculation
was performed according to [6].

Calculation of corneal permeability to compounds
The calculation of the corneal permeability index
for LogPapp compounds was performed according to two
previously published QSAR models [7, 8] using Egs:

LogPapp, = -4,002 - 0,169 x (H
+ 0,265 X LogP;

)

acceptors —donors

LogPapp, = 4,6823 - 0,767 x (Log(PSA)) - 0,1346 x H
+3,0024 x N /N

—halogens

donors

heavy’

LogPapp = (LogPapp, + LogPapp.)/2.

Molecular similarity calculation

DataWarrior Flexophore 3D pharmacophore descriptor
was used as molecular descriptor for molecular similarity
calculation. Computation of the Flexophore descriptor be-
gins by creating a representative set of up to 250 conform-
ers using a self-organisation-based algorithm to construct
small rigid fragments of the molecule, which are then
joined by considering the likely torsional angles. Atoms
of the molecule that could potentially interact with the pro-
tein atoms in some way are then detected and classified.

The extended MM2 atom typing is used to describe at-
oms as interaction points. The Tanimoto coefficient served
as a quantitative metric of similarity between the studied
compounds and the reference compounds. For each com-
pound, the maximum revealed coefficient of molecular
similarity according to the pharmacophore descriptor Max
(Flexophore) was considered.

Calculation of the overall prospectivity index

The integral prospectivity score of compound F was
calculated based on DrugScore, calculated LogPapp cor-
neal permeability and maximum pharmacophore simi-
larity to Max(Flexophore) reference standards converted
between 0 and 1 with the inflection point of the sigmoid
curve atagiven parameter boundary value and curve slope
and parameter weight according to the table and formula
(Table 2):

p= ‘I/[‘I + e(axp+b)].

Intraocular pressure measurement

The study of the effect upon intraocular pressure was
performed on mongrel intact rats of both sexes weighing
220-400 g, aged 2 months (Rappolovo husbandry, Len-
ingrad region). All animals were divided into experimen-
tal and comparison drug groups with 6 animals in each
group. At 9:00 am, baseline IOP in both eyes was measured
in animals of all groups. The veterinary tonometer ICARE
TonoVet (Finland) for early diagnosis of glaucoma in vet-
erinary medicine was used to determine IOP [9, 10]. After
the measurement, the animals of the experimental groups
were instilled with 0.4 % aqueous solutions of the studied
compounds in the volume of 50 pl into the right eye (test
eye). Animals of the comparison drug groups had mela-
tonin (Sigma, USA; pharmaceutical standard) instilled into
the test eye. The left eye (control, collateral eye) served
to determine the possible resorptive effect. Follow-up IOP
measurements in the test and collateral eyes were per-
formed after 60, 120, 180 min.

Data analysis
Chemoinformatic calculations were performed in Da-
taWarrior software (Idorsia Inc., Switzerland). The computa-
tional data processing was performed in RStudio 2022.07.1.
Statistical processing of experimental data was performed
using MS Office software (Microsoft Corp., USA) and Prism
7.0 (GraphPad Software, USA) with Student’s t-test.

RESULTS

Reference compounds

As a result of searching and processing information
of the IUPHAR pharmacological database [5], a database
containing information about the structure and experi-
mental affinity of 48 individual reference melatonin isoster
compounds was created. These structures were subject-
ed to pharmacophore analysis and used as references
in the evaluation of the molecules under investigation
as described below.
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Search algorithm

The general scheme for assessing the prospectivity
of compounds is depicted in Figure 2. In total, the analyzed
database contained 2457 individual compounds (Fig. 3).
The calculated values of physicochemical characteristics
were used to evaluate drug similarity and bioavailability
for topical application as eye drops (Fig. 4, 5). Substructur-
al analysis was used to identify markers of specific toxicity
(Table 1). Compounds were ranked according to the likeli-
hood of mutagenic, carcinogenic, locally irritating proper-
ties and reproductive toxicity into three levels: no risk, low
risk and high risk which was considered in the calculation
of the DrugScore integral drug prospectivity index along
with drug similarity characteristics.

Molecular  pharmacophore  descriptors  served
as descriptors of the molecules when assessing similarity
to reference melatonin receptor agonists; maximum val-
ues were considered (Figs. 3, 5). Compounds that, accord-
ing to at least one descriptor, had similarity to reference
antagonists or inverse agonists of MT, and MT, receptors
were screened out (Fig. 6).

The overall F prospectivity score consisted of the maxi-
mum pharmacophore similarity to the reference standards
(factor weight 1.0), with consideration of DrugScore drug
suitability index (factor weight 0.25) and the calculated
corneal permeability LogPapp (factor weight 0.25) to ac-
count for topical application as eye drops (Table 2). The F
indicator can take values from 0 (minimum prospectivity)
to 1 (maximum prospectivity).

A visualisation of the contribution of pharmacophore
affinity to melatonin analogues and calculated LogPapp cor-
neal permeability to the overall F prospectivity score of is pre-
sented in Figure 7. The compounds with F > 0.85, ranked ac-
cording to the comprehensive prospectivity assessment, are
summarized in Table 3. They are distinguished by a set of fa-
vourable prognostic characteristics: specific types of toxicity
(mutagenic, carcinogenic, locally irritating properties and re-
productive toxicity) are not expected; the calculated perme-
ability of the LogPapp cornea exceeds -5.43; pharmacoph-
ore similarity to the reference compounds ranges from 0.81
t0 0.91, according to the Tanimoto coefficient.
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FIG. 2.

Algorithm for evaluating compounds
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Drug similarity index Pharmacophore similarity to standards
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TABLE 1

RESULTS OF THE SPECIFIC TYPES OF TOXICITY ASSESSMENT FOR THE STUDIED COMPOUNDS

Number of compounds (n)

Type of toxicity high risk low risk no risk
Mutagenicity 204 60 2193
Carcinogenicity 249 84 2124
Reproductive 135 131 2191
Local irritant effect 333 63 2061

TABLE 2

SELECTING THE DECISIVE RULE PARAMETERS

Indicator, p Condition, a Slope of the curve, b Weight, k
DrugScore >0.5 0.1 0.25
LogPapp 25 0.35 0.25
Max(Flexophore) >0.75 1.0 1.0
121
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TABLE 3

COMPOUNDS WITH MAXIMUM PROSPECTIVITY AND THEIR IOP-LOWERING ACTIVITY

RU-1331

H 0.889 0.895 -20.3 + 3.54%
[Nj
RU-0721
N
< 2 \ 0.724 0.890 -8.9+£9.62
N/

RU-0882

AN
)— 0.732 0.877 -17.2+14.29

RU-0536
2HC

0.860 0.874 ~83+7.54

)
RU-0615

o

Qwé

e 0.751 0.874 -33.3 + 4.40*

H 2HCI

)
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H 0.799 0.873 —-24.5 + 4.44*%

0.743 0.872 -11.9+7.83
2HCI

RU-0255
N
2HCI
H 0.865 0.872 -12.4+8.60
O
RU-0155

0.823 0.871 -25+212

RU-0580b

N
%) - 0.751 0.871 -10.1+1.70
N
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DAB-0021

DAB-0023

Q

N

H 0.677 0.870 -17.3 + 2.40%
O

Q

H 2Ha 0.861 0.870 -20.5+1.43*
N

RU-1332

0.930 0.870 -24.3 + 4.60*

o—
)— 0.751 0.869 -16.7 +£8.33

N

2HCI

OIP-H-0003

0.903 0.866 -5.6
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N
oHal 0.804 0.865 -10.26 + 10.26
N
PN

RU-0398

N/w/%

N
H\ 0.819 0.864 -40.0 £ 4.15*
N/
RU-0354
N
N/)‘ 0.771 0.863 -27.0+5.18*

2HCI \/b
OIP-H-0004

H

N

(o]
\ 0.903 0.862 -26.11+3.15*%
Q N

RU-0514

(e}
v N
)z 0.722 0.862 -25+6.75
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RU-0012

N 0.576 0.861 -6.1+3.09
HCl

RU-1256

Byt
e 0.541 0.858 -15.71£17.93
HCI

RU-0837
N
)%N
N
2HBr
0.909 0.856 -5.8+3.02
N
K-00165
0.298 0.856 -40.9 + 3.52%
OIP-Br-S-1
H
N
o
Br \ 0.734 0.851 -13.8+£9.09

Note. ' is an integral indicator that takes into account drug similarity, solubility, the risk of mutagenic, carcinogenic, irritating properties and reproductive toxicity;
* - p < 0.05 relative to baseline IOP (t-test; n = 6).
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Validation by in vivo experiment

After virtual screening of 2457 structures, 25 selected
compounds with maximum F prospectivity score were
experimentally studied to determine the effect on intra-
ocular pressure of intact rats. 10 compounds were iden-
tified that statistically significantly reduced the IOP
of intact rats. It was revealed that new bioisosters of mel-
atonin - compounds RU-398 and K-165 — were superior
to melatonin itself in their ability to reduce IOP, and com-
pound RU-615 was not inferior to melatonin in its activ-
ity. Specifically, substance RU-398 reduced IOP by 40 %,
K-165 by 40.9 %, and RU-615 and melatonin by 33.3 %.
Compounds RU-398 and RU-615 also resulted in IOP re-
duction in the control eye, which may indicate a possible
systemic action of the compounds, which was not de-
tected for substance K-165.

DISCUSSION

Multiparametric optimisation is one of the central
and most challenging problems in the development
of new drugs. To have a chance to reach the stage of clin-
ical trials, the molecule must have a number of optimal
characteristics determined by its structure - not only affin-
ity to the biological target, but also selectivity of action,
sufficient solubility, ability to penetrate tissue barriers,
metabolic stability, low toxicity. The approach offered
in this study is characterised by simplicity, accessibility,
and flexibility. Using chemoinformatics methods, com-
pounds with low calculated toxicity, high drug similarity
and permeability through the cornea of the eye and pri-
marily pharmacophore close to known modulators, mela-
tonin receptor agonists, are prioritised, followed by valida-
tion by experimental screening.

The limitations of the present study include the lim-
ited sample library of source structures for the study. Ad-
ditionally, experimental validation was performed by phe-
notypic screening for the ability to reduce intraocular
pressure. Non-verification of the effect against melatonin
receptors itself does not exclude the possibility of other
mechanisms of action of the active compounds, different
from the mechanism of action of melatonin itself.

CONCLUSION

A flexible computational approach for prioritisation
of compounds with high drug similarity, low computa-
tional toxicity and similarity to a target-oriented library
of reference compounds is proposed. The effectiveness
of the proposed search system was confirmed by the iden-
tification of new chemical classes and scaffolds of mela-
tonin bioisosters promising for further study as antiglau-
coma agents.
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